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Chapter 1 
A summary of several crystal growth theories and an 
introduction to the used crystal growth apparatus 
1.1 Introduction 
The introduction of this thesis is divided into two parts In the first part the different 
crystal growth theories will be explained Furthermore, crystal growth parameters will 
be defined In the second part the contents of this thesis will be introduced and the 
connection between the different chapters will be explained 
1.2 A summary of theory 
1.2.1 Roughening transition 
Crystal growth mechanisms depend essentially on two aspects 
• The physical and chemical properties of the interface between a particular crystal 
surface {hkl} in interaction with the motherphase 
• The driving force for crystallization 
According to an integrated Hartman Perdok theory and roughening transition theory a 
form {hkl} which is parallel to a so called connected net shows a roughening transition 
This roughening transition is characterized by a dimensionless roughening temperature 
Q^kl of the connected net corresponding to the form {hkl} being defined as 
~ (2kT\R ,
 ч 
&ш = - 11 V $str У hkl 
in which к is the Boltzman constant Ф5(г is the relative strongest bond energy of the 
crystal under consideration and Τ is the absolute temperature of the growing crystal 
The effective bond energy has the shape 
*> = *:'-l2w + *{f), ( i 2 ) 
where ss is the solid-solid bond s ƒ the solid-fluid bond and ƒ ƒ the fluid-fluid bond 
between neighbouring cells The Φ " bonds are the bond energies referenced to \acuum 
and the\ can in principle bo calculated from the known mstal structure In practice the 
effectue bond energies Φ, are taken to be proportional to Φ" bond energies [10 11 12] 
The ι elative tempeiatute Θ is defined as 
Θ
= φ ( <
1 3 ) 
If for a certain crvstal face (hkl) parallel to a connected net the following inequality holds 
Θ < θ & , (14) 
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then according to the theorv of roughening transition the following inequality holds for 
the edge free energies of steps with orientation [uvw] within the connected net 
7 Í l i > 0 (15) 
If however 
Θ > Θ * , (16) 
it follows from the theory of roughening transition that 
This implies that if the actual temperature of a form {hkl} of a growing crystal is below 
its roughening temperature this face will grow -at sufficiently low driving forces- as a 
flat face with a layer mechanism (spiral growth or two-dimensional nucleation growth) 
If the actual growth temperature is above the roughening temperature the face under 
consideration will grow as a rounded off rough face without a clearly distinguishable 
orientation {hkl} The actual roughening temperature transition depends, apart from the 
structure of the connected net. also on the values of the bond energies given by equation 
1 2 According to a recently developed theory of Liu and Bennema [89] the actual values 
of Ф, depend on subtle interactions within the solid-liquid interface 
1.2.2 Thermal roughening and kinetic roughening 
The thermal roughening transition as described by the thermodynamic statistical me­
chanical relations 1 3 - 1 8 represents a real phase transition of a crystallographic face 
{hkl} parallel to a connected net If an orientation {hkl} is not parallel to a connected 
net at least one 7гц*'
и
і equals zero and the roughening transition temperature occurs at 
zero Kelvin 
If a surface is growing below its dimensionless roughening temperature ^
ы
, above a cer 
tain driving force the size of a critical two dimensional nucleus becomes equal or less than 
the S17P of one building unit This is the definition of the so-called kinetic roughening \ 
face with an orientation {hkl} will become rough and will grow as a ïounded off face 
1.2.3 Crystal growth mechanisms by steps 
The cr\stal growth mechanisms occurring on a rough face due to thermal or kinetic 
roughening differ from a crystal growth mechanism on a flat face 
In the first case the relation between growth rate and the driving force will be in principle 
a linear relation In the second case several alternative layer growth mechanisms may 
occur Spiral growth and two-dimensional nucleation 
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For both types of step growth mechanisms three subprocesses of the overall crystal growth 
process can be distinguished. 
• Transport of growth units to the interface (volume diffusion). 
• Integration of growth units into the crystal structure (surface diffusion and surface 
integration). 
• Dissipation of heat of crystallization (heat transport). 
For growth from the vapour and solution, volume diffusion and surface integration are 
dominant because dissipation of the heat of crystallization is a relatively rapid process. For 
growth from a pure or slightly contaminated melt surface integration and heat transport 
are rate determining since the densities of melt and crystal are close to each other [3] *. 
1.2.3.1 Spiral growth 
In the following we will focus the attention on a growth mechanism where steps are 
generated by a screw dislocation outcrop at the crystal surface. 
Concerning surface integration for growth on flat faces via a step process the following 
processes are possible: 
(i) A direct integration process of Chernov [26, 27] where growth units enter the kinks of 
steps directly from the bulk of the motherphase. 
(ii) In the surface diffusion model of Burton, Cabrera and Frank (BCF) [23] adapted 
to growth from solution by Bennema and Gilmer [47, 48] the following subprocesses are 
taken into account. 
1 The transformation of a growth unit from the solute state into the surface state 
2 The reverse process. 
3 Surface diffusion. 
4 A jump from a state adjacent to a kink of a step into a crystalline kink position. 
In this thesis mostly crystal growth from the melt is investigated Then the driving force 
for crystallization is 
±H
m
{T
m
-T) 
o= - R T l - (1.8) 
•Цо\\е\ег it should be mentioned that for small lmpuritj concentr ions the flux of the impurities 
will be much higher as can be calculated with the Stefan-Maxwell equation 115' 
J, = -YiM,M]Dl]Vi] 
P
 J = I 
with J, = relative molar flux of species г, r = total molar concentration, ρ = fluid density, M = molecular 
weight and x, = mole fraction of species j 
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It is interesting that both the model of Chernov and of BCF lead to the following 
relation between growth rate ν and the driving force σ (= ^ ) [115] for low driving 
forces 
ν oc σ
2
 (1 9) 
and for high driving forces 
ν oca (1 10) 
The change from a parabolic to a linear relationship can be explained as follows 
•Vt low supersaturations the arms of a spiral are, according to the BCF spiral theory, far 
apart from each other and the adjacent volume diffusion fields in the model of Chernov or 
the surface diffusion fields in the BCF model do not overlap and hence will not interact 
with each other Since the rate of growth is proportional to the flux of steps or 
ν oc V
steppstep (1 11) 
or 
v<x V
stc - , (1 12) 
^step 
where p
step is the step density, \step is the distance between the arms of the spiral and 
V
step is the step velocity 
It is known that 
V
step oca (1 13) 
and for a spiral the width between the arms is inversely proportional to t he supersaturation 
Pstep = oc σ (1 14) 
^step 
The combination of equation 1 13 and 1 14 with equation 1 11 leads to the following 
equation 
LOC<7 2 ( 1 1 5 ) 
which is indeed identical to equation 1 9 
If, however, the supersaturation becomes higher and higher and the distance between 
the arms of the spirals becomes smaller and smaller the adjacent diffusion fields in the 
model of Chernov and the surface diffusion fields in the BCF model will overlap and hence 
interact with each other It follows from the mathematical formalism of both models that 
at suífuientlv high d m mg foices the advance \elocitv of steps does not depend on the 
driving force Thus 
V„ep = constant (1 16) 
but equation 1 14 remains valid This makes 
ι α σ (117) 
ι e a linear relationship between ι and σ 
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1.2.3.2 Two-dimensional nucleation 
The same partitioning in four subprocesses can be applied if the surface integration pro­
cess takes place via a two-dimensional nucleation mechanism instead of a spiral growth 
mechanism The most general mechanism is the so called birth and spread model where 
two-dimensional nuclei are formed all over the surface These nuclei expand and on top 
of these nuclei new two-dimensional nuclei are formed ( [10, 11, 12, 97]) In this case the 
following relation between г and σ holds 
ι = ^ i e x p ( 3 a ) C T Ï e x p ^ ^ - ^ ; J (118) 
According to the authors of [10, 11] this relation can be simplified to the power law 
ι oc a
m
 with m > 2 (1 19) 
It is generally accepted that below a certain driving force a spiral growth mechanism lead­
ing to a parabolic law is operative while for higher driving forces a two- dimensional birth 
and spread mechanism prevails If the driving force becomes higher the two-dimensional 
nuclei attain the size of a growth unit and then kinetic roughening starts 
1.2.4 Roughened growth 
\s already mentioned previously a crystal face can grow roughened due to two different 
reasons 
• The low roughening temperature of this face 
• The high driving force causing kinetic roughening 
These phenomena are completely different a face which is growing at a temperature 
higher than its roughening temperature will also grow roughened at small driving force 
conditions These faces grow with rounded off faces at small driving force conditions and 
with cellular and dendritic growth forms at higher driving force conditions Faces which 
become kineticallv roughened can grow with facets at low driving forces 
Tor both thermal and kinetic roughening the growth rate will have a linear dependence 
on the driving force 
1.2.5 Comparison between the different growth mechanisms 
It is often very difficult to distinguish between the different growth mechanisms bv growth 
kinetics measurements This becomes obvious when we look at the different step growth 
models A.11 three step growth models, spiral growth (models of BCF and Chernov) and 
two-dimensional nucleation have a quadratic like dependence on the supersaturation at 
low driving forces and a linear dependence at high driving force conditions (figure 1 1) 
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Figure 1.1 Growth rate dependence on the driving force for different growth mechanisms 
^ " Supersaluration 
1 = Roughened crystal face 
(= Roughened growth) 
2 = Facetted crystal face
 σ
. . Spiral growth > 2D nuclealion 
2a = Spiral growth
 σ
. . _ 2D nucleation -> Kinetic roughening 
2b = 2D nucleation 
2c = Kinetic roughening 
It is generally assumed that both the spiral growth and the two-dimensional nucleation 
mechanism will be operative on a crystal facet 
At very low driving force conditions two-dimensional nucleation will be less probable due 
to the reduced probability to form a two-dimensional nucleus on the surface and growth 
will proceed mainly with a spiral growth mechanism When the driving force is raised the 
two-dimensional nucleation mechanism will start to operate One of the most important 
parameters influencing the probability of a spiral growth or two-dimensional nucleation 
mechanism is the roughening temperature of a face A facet which is growing close to its 
roughening temperature will grow mainly with a two-dimensional nucleation mechanism 
whereas a spiral growth mechanism will prevail at facets growing wav above their rough 
ening temperature 
\t \er\ high dming force conditions the situation becomes e\en morp difficult Now all 
possible growth mechanisms have a linear dependence of the growth rate on the driving 
force Usually only microscopic observations of the crystal face make it possible to distin­
guish between different growth mechanisms as step growth and roughened growth But 
even with microscopic observations it is sometimes not easy to distinguish between the 
different spiral growth and two-dimensional nucleation growth mechanisms 
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1.2.6 The influence of impurities on crystal growth mechanisms 
Impurities will influence the crystal growth mechanisms in two different ways: generally, 
the> reduce the growth rate ш1 and they may be incorporated into the crystal The 
reduction of the growth rate depends on subtle interactions of the impurity molecules 
and the particular structure of the crystal face resulting from subtle interactions of the 
crystal phase and mother phase. The incorporation of the impurities depends on these 
interactions and the crystal growth mechanism. 
The reduction of the growth rate and the incorporation of impurities vanes with the crys-
tallographic orientation of the crystal face. Another important effect influencing these 
aspects will be whether the face (hkl) under consideration grows below or above its rough­
ening temperature or is kinetically roughened. 
1.3 Melt crystallization 
1.3.1 The industrial importance of melt crystallization; the EC project 
Melt crystallization is becoming more and more important in industry as a separation 
technique as the need for ultrapure organic compounds is rising (e.g. fine chemicals, 
monomers for the polymer industry and pharmaceuticals) The reason is twofold: i) the 
purity that can be obtained is high and n) the energy input is often low as compared to 
other ultrapurification methods like distillation. Furthermore, crystallization and distil­
lation are complementary. For crystallization the moleculair form is most important, for 
distillation the crystal size. As a rule of thumb one can say that crystallization is favoured 
when the desired purity can be obtained in one crystallization step (solidification of a melt, 
washing) This separation effect is due to the high selectivity by which molecules from 
a melt may be built into a crystal lattice The second reason, the low energy input, is 
getting more attention in the last decade It is also the reason of the EC project " JOUE-
0031-C [39]. improvement of melt crystallization's efficiency for industrial applications'', 
in which the energy aspect was very important. The objective of this project was. ' 'The 
increasing of the efficiency of mass transfer between the solid and liquid phase in melt 
crystallization processes, based on a better understanding of i) the mechanisms and the 
kinetics of incorporation of impurities into crystals and ii) the mechanisms and the kinet­
ics of removing impurities from crystals" In this project one industrial partner (BASF), 
оно applied leseaich organisation ( T \ 0 ) and two uimersities (Bremen and Nijmegen) 
collaborateci Each participant had its own experience and crystallization design to in-
\estigate a part of the project TNO focussed mainlv on suspension growth, one of the 
important crystal growth methods in industry, first with small crystallization vessels for 
testing and later with a pilot plant. BASF and the university of Bremen investigated 
the other important growth method layer growth BASF first with small crystallization 
*The opposite effect where the growth is enhanced by impurities, is also known [102] 
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vessels for testing and later with a pilot plant, the university of Bremen with a falling film 
(Sulzer like) crystalhzer 
The university of Xijmegen gave a theoretical (fundamental) backup of the project by 
investigating single crystal growth This was done by developing a model based on mor-
phological observations carried out at different growth rates and impurity measurements 
of large single crystals for determination of the distribution coefficient These measure-
ments were done in designs which were comparable to the designs used by the other 
groups Experiments comparable to suspension growth were performed in the Tammann 
design, the observation cell and the radial cell Experiments comparable to layer growth 
were performed in the Bndgman design and the linear cell Comparison between our 
experiments and the industrial processes should be made carefully as in our experiments 
always one single crystal was used 
Figure 1.2 Apparatus used for crystal growth from suspension 
1 Bottom pori 7 Heating coil 
2 Three-bladed propeller 8 Feed 
1 Scraper 9 Baffle (four) 
4 Dra It tube heal exchanger 10 Temperature sensor 
4 Scraper 11 Level control 
(> Double wall glass cylinder 12 Suspension take off 
Looking in morn detail mio the two processes used in industr\ suspension and laver 
growth each will have ad\antages and disadvantages depending on the crystallizing com-
pound [3, 4. 5] 
1.3.1.1 Suspension growth 
• Advantages of suspension growth (figures 1 2 and 1 3 [39]) are The crystals are 
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Figure 1.3 Flow sheet diagram ¡or crystal growth ¡rom suspension 
-^) 
1 Crystallizer 
2 Heat exchanger 
3 Hydraulic wash-column 
4 Melting circuit 
5 Suspension feed pump 
6 Filtrate recirculation pump 
F = Feed 
Ρ = Product 
R = Residue 
grown at low growth rates ( Ä 10~8 — 10~7 m/s) resulting in a high purification 
efficiency. Because of the large crystal surface area present, the amount of crystal 
mass produced is still high at these small growth rates. This makes a large single 
step separation possible with an accordingly low energy consumption 
Disadvantages of suspension growth: Problems may arise if the crystals are small. 
Complete separation of the crystals from the melt may be hampered in this separa-
tion step So the morphology of the crystal will be very important for the filterability. 
This may limit the range of applications There is also a lack of knowledge for the 
scaling up of the process (especially the hydrodynamics). 
1.3.1.2 Layer growth 
• Advantages of layer growth In layer growth processes (figure 1 4 [39]) a polycrys-
talhne mass with a relative!} small surface area is grown (growth rate a; 10"6 m/s), 
which is washed after crystal growth and then molten. The growth of polycrystalhne 
layers is insensitive to the crystal shape and hence has a large applicability for a 
wide range of organics. Also the technology is well known and has proven itself 
already 
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• Disadvantages of layer growth: The layer growth process is batch wise whereas the 
suspension growth can be a continuous process. Also the relatively high growth rates 
will lead to a contamination of the solid phase, reducing the possibility of achieving 
the desired purification after a single operation. Often additional purification steps 
or crystallization steps are necessary. The energy consumption will rise accordingly. 
Figure 1.4 Flow sheet diagram for the layer growth process 
A Crystallizer 
В1-3 Stage tank 
PI Cooling / heating 
medium pump 
P2 Melt circulation pump 
£Q Energy in/output 
Г~\ Raw melt (feed) 
λ 
ΣΟ 
Heat carrier 
conditioning 
unit 
Main loop 
Pure 
product 
Residue 
1.3.2 Observation cell for growth experiments 
The observation cell was already used by Jetten [73] and was improved by Elwen-
spoek [33. 34. 36]. This design was used for morphological observations and growth 
rate measurements (figure 1.5) 
In each ampoule (9) a quantity of melt was weighed in and an accurately determined 
quantity of impurity was added Next the cell was sealed and placed in a temperature 
regulated outer vessel (8) The temperature control of the thermostats (3) is better than 
0 01°C. Befoie the experiment started the whole crystal mass was molten and thoroughly 
mixed Then the melt was undercooled and completely crystallized (ΛΓ > 10°C') in a few 
seconds. Then the crystal mass was carefullv molten until one isolated seed King on the 
bottom of the cell remained (typical size ΙΟΟμηι). This seed was grown to a size of about 
ΙΟΟΟμηι after which the melt was mixed again and the morphological observations and 
growth rate measurements started. All the experiments are observed on a videomonitor 
(6) and recorded on videotape (5) The images recorded on tape can be improved with 
the aid of digital image processing (10) 
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Figure 1.5 The observation cell 
1 Microscope 6 Monitor 
2 Objective 7 Thermocouple 
3 Thermostat Я Thermostatic cell 
4 Camera 9 Ampoule 
5 Video 10 Digital image processing 
An important advantage of these measurements is that a good comparison is possible, 
growth rate measurements can be done using an exactly known impurity concentration 
From these growth rate measurements it is possible to extract information about the 
growth mechanism by which the crystals were grown [24. 26] Combining this with the 
observations done during the measurements it is possible to predict the supersaturation 
region for each growth mechanism These results can be compared with the results of 
the other groups using different crystallization equipment Of course the experimental 
conditions are different, in the observation cell no stirring is possible and no secondary 
nucleation or attrition will take place Furthermore, we never grew a polycrystalhne layer 
Another disadvantage is that it is impossible to measure the impurity concentration (the 
distribution coefficient) in the crystal For this purpose the Bndgman apparatus and 
a crystalhzer according to the Tammann design were used Measurements from cells 
and growth of crystals under the influence of impurities with Bndgman and Tammann 
single crystal growth techniques could be correlated and. as will be shown below, yielded 
consistent results These results could be correlated by results of experiments of the other 
groups 
1.4 Bridgman design 
For the determination of the distribution coefficient large single crystals were grown in 
a Bndgman design [18 19] (figure 1 6) All the crystals were grown in sealed tubes (3) 
(with an exactly known amount of impuritv) with a growth rate (pulling rate (1)) of 
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3.9 χ 10_7m/s In order to get a single crystal a "grow-out region"(E) was present in 
the ampoule. Only one crystallografic orientation of the initial polycrystalline mass will 
remain. The temperature difference between cooler (4) and heater (5) was 30°C. After 
the growth was completed the crystal was slowly cooled to room temperature (to avoid 
thermal cracking) and sliced in about 8 parts. For each part the impurity concentration 
was measured with a gas Chromatograph. From these measurements the distribution 
coefficient could be calculated. 
Figure 1.6 The Bridgman design 
b 
1 Pulling mechanism 
2 Thermostat 
3 Ampoule 
4 Hot zone 
5 Cold 7one 
A 
В 
ι С 
Τ 
A Vacuum 
В Melt 
С Interface 
D Crystal 
E "Grow-out" region 
The Bridgman design can be compared with the results of layer growth, the crystal 
growth is foired in one direction One of the differences is of course that in industrial 
layer growth a рок crystalline laser is grown whereas here we grow a single crystal \n-
other important difference is that no stirring is possible. But it will giye the minimal 
distribution coefficient possible without stirring conditions present because of the small 
supersaturation applied 
Combination of the Bridgman design and the observation cell measurements will give a 
correlation between the growth mechanism and the amount of impurity built in This 
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combination makes it possible to predict the distribution coefficient when the growth 
mechanism is known. In chapter two of this thesis a model is developed in which the 
crystal morphology (surface structure) is the most important parameter for the amount 
of impurity built in Normally crystal purity models are based on the impurity concentra­
tion in front of the growing interface. In our model the distortion of the growing interface 
due to the different growth morphologies determines the amount of impurity built into 
the crystal lattice. Also the growth morphology influences the trapping of the impurity 
into the lattice. 
Figure 1.7 The Tam.ma.nn design 
5 
1 Crystal 6 Thermostat 
2 Melt 7 Argon in-outlct 
3 Stirrer 8 Thermometer 
4 Thermostatic vessel 9 Argon cylinder 
5 Thermostatic lid 
1.5 Taramann design 
With the Tammann design [108] it is possible to grow large single crystals in a stirred 
melt (figure 1 7). 
A small cns la l (1) was put into the stirred melt (2-3) under an argon atmosphere (7-
9) Πιο temperature of vessel (4) and lid (5) were regulated (6). For the Tammann 
grown crystals the impurity concentration can be determined for each facet (hkl) since the 
trapping of impurities varies from one face (/iifc,/i) to another face (/ігМг) This makes 
it possible to see the effect of the structure for each facet and the amount of impurity 
built in. Also a comparison between the Tammann and the Bndgman designs will reveal 
the effect of the stirring of the melt Further, the combination with the observation cell 
14 Chapter 1 
results will give a relation between the growth characteristics of a facet and the amount 
of impurity built in In chapter 3 the results of the Tammann design in comparison with 
the other designs are given The results of the Tammann experiments may give a growth 
rate region in which the crystals are growing with faces in which only small amounts~of 
impurities are incorporated 
1.6 Vapour phase cell 
Melt grown crystals generally show a morphology differing from the shape of crystals 
grown from different solvents or the vapour phase One important reason is the mass 
transport In the pure melt always enough building units are present in front of the 
crystal facet so that crystals from the melt can grow easily For growth from the vapour 
phase or a solution the building units will have to be transported to the crystal because 
of a lower concentration of growth units Another important effect in crystal growth from 
solution is the influence of the solvent on the growth morphology Effects such as polarity 
of the solvent and structure of the interface are treated in chapter 4 Furthermore, the 
experimental morphology is compared with the calculated morphology as predicted from 
the Periodic Bond Chain analysis Observations of crystal growth phenomena on crystals 
growning from the vapour phase are given in chapter 5 
1.7 Serendipity measurements 
Sometimes a measurement has side effects which prove to be interesting in itself Growth 
rate measurements done in the observation cell design on one of the test mixtures showed 
a very strange phenomenon when dust particles were present in front of the growing 
interface The faceted (110) face became roughened due to the contact of a dust particle 
with the (110) face Usually dust particles in a solution or a melt are pushed forward by a 
growing interface (van der Waals repulsion) until the viscous drag (the force which pushes 
the dust particle towards the interface) is stronger than the van der Waals repulsion and 
the dust particle will be built into the crystal [100, 112] The most important factors 
for particle pushing are of course the growth rate of the interface the particle size and 
roughness and the viscosity of the melt The roughening temperature of the crvstal 
facet (the growing inteiface) in combination with the size of the critical nucleus for two-
dimensional heterogeneous nucledtion diso plays an inipoitant role of the growth process 
In cliaptei ύ these phenomena will be explained m moie detail 
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1.8 Dendritic growth phenomena 
The most beautiful kind of roughened crystal growth from a scientific point of view is the 
dendritic growth Usually, a Christmas tree-like crystal form develops at extremely high 
growth rates In chapter 7 a few causes for the appearance of dendritic growth are given 
1.9 The radial and linear temperature gradient cell 
The largest problem in crystal growth experiments is the control of the temperature 
Both the control of the undercooling, of the temperature gradient and the exact value of 
the temperature on different places is very difficult The measured undercooling is not 
the exact undercooling present at the interface Due to concentration differences and the 
heat of crystallization the temperature at the interface can differ from the bulk value 
Therefore we developed two different temperature gradient cells, namely the radial cell 
and the linear cell With these two cells the temperature gradient could be regulated 
and measured with high precision In chapter 8 the exact construction of the two cells 
is shown Furthermore, the first measurements with the radial cell (determination of the 
surface energy of the solid-liquid interface of cyclohexane) will be presented 
1.10 The three model systems 
As this thesis is the offspring of the measurements done in the EC project 'JOUE-
0031-C, improvement of melt crystallization's efficiency for industrial applications', e-
caprolactam-cylohexanone and naphthalene-biphenyl mixtures were chosen as test sys­
tems, they are also relevant to industries The cylohexane-benzene test system was the 
offspring of a STW project Two of the three systems are part of the nylon-6 route 
These systems are cylohexane-benzene and ε-caprolactam-cyclohexanone respectively 
The nylon-6 route starts with the hydrogénation of benzene to cyclohexane Oxida-
tion of cyclohexane gives cyclohexanol and further oxidation gives cyclohexanone The 
reaction of cyclohexanone with hydroxylamine gives e-caprolactam Polymerization of 
e-caprolactam will yield nylon-6 We wanted to investigate the influence of impurities 
on the crystallization in both systems Benzene was chosen as impurity for cyclohexane 
as the boiling points of the two compounds are almost equal It is difficult to gi\e one 
mam contaminarli in the e-caprolactam crvstals therefore an interesting compound fiom 
.i scientific point of view was chospn namely cvclohexanone (the main contaminants are 
water and several polymerization products) The thud test system was the naphthalene-
biphenyl system Naphthalene is the raw material for many reactions \ representee 
contaminant to study is biphenyl The e-caprolactam - cyclohexanone mixture was used 
as a model compound in chapters 2 3 4 and 5 .Naphthalene - biphenvl mixtures were 
investigated in chapters 2, 6 and 7 and cyclohexane - benzene mixtures in chapter 8 
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Chapter 2 
The influence of the growth mechanism on the 
distribution coefficient of impurities in crystals 
E.P.G. van den Berg. G. Bögels, R.M. Geertman 
and G.J. Arkenbout 
Abstract 
Usually, crystal purity models are based on the impurity concentration in front of the 
growing interface Here a new model is developed in which the structure of the interface 
is the most important parameter determining the crystal purity Experimental observa-
tions and impurity concentration measurements show that four different mechanisms can 
be distinguished by which organic impurities are incorporated in organic crystals (1) ther-
modynamic equilibrium, (n) spiral growth or a two-dimensional nucleation mechanism, 
(in) macrosteps and (ïv) faceted cells or roughened growth dependent on the roughening 
temperature Each mechanism will trap the impurities in a different manner due to the 
distortion of the growing interface 
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2.1 Theory 
2.1.1 Crystal growth mechanisms 
In the overall introduction of this thesis a complete overview of the possible growth 
mechanisms was given Here the influence of different growth mechanisms on the amount 
of impurities in organic crystals is determined As this investigation is mainly based 
on microscopic observations of an undercooled melt we will divide the measurements 
into three growth regimes which were observed experimentally The fourth 'growth" 
mechanism the thermodynamic equilibrium cannot be observed experimentally because 
due to the equilibrium the interface will remain unchanged for macroscopic observations 
2.1.1.1 Regime 1: Spiral growth or two-dimensional nucleation mechanism 
When a suitable dislocation is present at the crystal surface a spiral will develop which 
will generate the steps The two important models concerning spiral growth are the the 
ory of Burton Cabrera and Frank (BCF) [22 24] and the model of Chernov [26 27] For 
both models comparable relations between the growth rate and the supersaturation hold 
another possible step growth mechanism which can occur is the two dimensional nucle­
ation (2D) mechanism In this case at low supersaturations growth rates are low In 
chapter 1 an overview of the different step mechanisms was given and it was shown that 
spiral growth and 2D nucleation are often both active at a crystal facet Therefore we 
will use the term step mechanism if we cannot distinguish between spiral growth or 2D 
nucleation " 
At small supersaturations the following relation is obtained 
υ = Ασ
2
 (2 1) 
\t large supersaturations there is a linear dependence on the supersaturation 
ь = Ca (2 2) 
A = £ with С = constant = D" c
x
\ Ωξ and σ
λ
 = —
{
^
Ί
 D
ad = surface diffusion 
coefficient C" d = equilibrium concentration of adsorbed growth units Ω = \olume of a 
growth unit ξ = îetaidation factor λ = average sulfate diffusion length /n = surface of 
the giowth unit and - = edge fiep cneig\ 
2.1.1.2 Regime 2: Macrosteps 
•\t higher supersaturations or at higher impurity concentrations the step growth mecha 
nism will be replaced by a macrostep mechanism However the steps still develop from a 
"For one of the test compounds both models were tested Both fitted the experimental data equally 
well 
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dislocation, or in case of a dislocation free surface from a two-dimensional nucleus (When 
the supersaturation is sufficiently high, 2D nucleation can also occur on a surface with 
dislocations) Building units A and impurity molecules В will adsorb at a kink site (lowest 
energy) or between the steps on the surface of the crystal If we suppose that the A — A 
bonds are stronger than the A — В bonds, most of the impurity В will desorb again (the 
rate is dependent on the strength of the A — В bond compared with the A — A bond) 
At small supersaturation the A units will be incorporated into the crystal whereas the В 
units will diffuse away When the supersaturation increases, both the higher growth rate 
of the step and the increased amount of impurity in front of the crystal face due to the 
higher growth rate in combination with volume diffusion will promote the incorporation 
of impurities В into the crystal The increased amount of impurities will cause a retarda­
tion of the steps assuming that the В units will hamper growth the oldest steps will be 
retarded more than the steps just generated This is because it takes some time before 
the crystal face becomes contaminated As the crystal surface between two ' old" steps is 
exposed relatively long to the contamination it will be contaminated stronger than a com­
parable surface between two ' new' steps In this way the older steps will be overtaken by 
the newer, faster growing steps and a macrostep will develop (figure 2 1 (situation 1,2) (a 
macrostep can be as big as 1000 unit heights)) These macrosteps will bury the impurities 
(figure 2 1 situation 3) At these relatively high driving force conditions the growth rate 
will have a linear dependence on the supersaturation 
Figure 2.1 Trapping of impurities u.ith a macrostep mechanism 1 Impurities В arc 
adsorbed at a crystal fact 2 These impurities block an approaching step and a macrostep 
deiclops 3 llu macrostep becomes largir and laiqcr and util bury the impurities 
2.1.1.3 Regime 3: Dendrites/faceted cells (roughened growth) 
When a crystal face has a relatively low roughening temperature the face will grow with a 
rough rounded off surface if the actual temperature is above the roughening temperature 
Due to the diffusion limited transport of the impurities in front of the crystal face when 
the supersaturation is increased further the crystal facets will break up and faceted 
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cells or dendrites will develop depending on the roughening temperature 6R of the facet 
(eq 2 3) The most important difference between the first two regimes and this regime 
is that the surface integration step is not rate determining for roughened growth The 
dimensionless roughening temperature 9R is defined as 
*-(¥)' 
With à = bond energy = és¡ — 1(4>SS + φί!) and ós¡, òss and φ!ί the energy of formation 
of a solid fluid bond, solid-solid bond and fluid-fluid bond respectively 
Comparing faceted cells with dendrites one could say that faceted cells are a sort of faceted 
dendrites, ι e the side faces are faceted, the top is roughened Note that the faceting 
of anisotropic crystals is caused by the higher roughening temperature of the side faces 
A crystal face with a relatively high roughening temperature will grow faceted and will 
remain faceted even under high driving force conditions When a very large driving force 
is applied these facets may also become roughened This phenomenon is called kinetic 
roughening [10, 11, 12] Faceted cells and dendrites have roughened interfaces so the 
growth rate of the tip should have a linear dependence on the supersaturation 
2.1.2 Distribution coefficient 
The purification effect of a crystallization procedure can be expressed by the distribution 
coefficient 
'-§ 
C
s
 and C; are the impurity concentrations in the solid and liquid 
types of distribution coefficients can be distinguished 
• The thermodynamic distribution coefficient (equilibrium) 
• Kinetic or effective distribution coefficient 
• Integral distribution coefficient 
Thermodj nanne distribution coefficient 
к = Tls/x,i (2 5) 
\\ here x,
 s
 and x, ; are the impuritv concentrations in the liquid and solid at the interface 
under equilibrium conditions 
Kinetic distribution coefficient 
is used under process conditions In 1953 Burton. Prim and Shchter [20 21] gave a deriva­
tion of the effective or kinetic distribution coefficient ke¡¡ determined by mass transfer 
limitation 
(2 4) 
respectively Several 
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k
'" *,, +(ι- fc)exp-(£)(*) ( 2 6 ) 
Where ко is the thermodynamic equilibrium distribution coefficient, 6C the thickness 
of the boundary layer (in m), D¿ the diffusion coefficient (in m2/s), υ the growth rate (in 
m/s) and p
s
 and pi the density of the solid and liquid (in melt crystallization p' ~ 1) and 
kd = ^ the mass transfer coefficient (m/s) An extended model (mainly for industrial 
purposes) is developed by Wintermantel [129] 
Integral distribution coefficient 
klnt = % = ü = (2 7) 
Cisman and C¡ ι о are the mean concentration of impurity in the solid and the initial 
impurity concentration in the liquid respectively. The integral distribution coefficient is 
mainly used to describe the purification efficiency of layer growth techniques where a large 
part of the batch is crystallized 
Other models including interface effects are developed by Yen and Tiller [110, 132, 133] 
and by Tiller and Ahn [109] 
2.2 The model 
When we look at the 3 growth regimes in more detail, four different ways of trapping of 
impurities can be distinguished 
• Thermodynamic incorporation σ = 0 
• Trapping in the lattice σ > 0 
• The burying of pockets by macrosteps, σ > 0 
• Impurity lines, pores σ > 0 
Thermodynamic incorporation (σ = 0) 
\t very small supersaturations the driving force is small and almost no boundary layer 
will de\elop in front of the growing crvstal There are aluavs sufficient building units 4 
prosent The impunn units В ha\e time enough to diffuse a\\a\ fiom the crystal surface 
to such an extent that the thermodynamic equihbiium condition is satisfied The amount 
of impurity incorporated strongly depends on the similarity between the impurity building 
unit В and the crystal building unit A 
The minimal amount of impurity incorporated can be estimated [44] Looking at the 
energy and entropy difference when an impurity is incorporated into the lattice a value 
for the ΔΔ(7 can be obtained For the normal building unit incorporated into the lattice 
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AG = AH- TAS 
For the impurity 
A G ,
m p = AHtTnp — TAStmp 
From the difference between these AG's 
AAG = AG- AG
mp 
a value for the distribution coefficient can be estimated with 
k = exp-AAG/RT 
The AAS term (entropy) is always positive (second law of thermodynamics) so there 
will always be a certain amount of impurity present in the crystal When the impurity 
has the same size (or somewhat smaller) as the crystal building unit for organic materials 
the distortions of the lattice and the AAH term are small The energy difference between 
a normal undistorted lattice and the distorted lattice is small 
\ second important effect which might lower the AAG is the presence of hydrogen bridges 
as occurring in the system e-caprolactam cyclohexanone When the impurity is larger 
than the crystal building unit and does not fit into the lattice anymore the distortion 
of the lattice will be large and the AAH will increase This will cause a lowering of 
the thermodynamic minimal amount of impurity incorporated into the lattice This 
can be seen more clearly in the relation between the thermodynamic distribution co­
efficient and the Gibbs free energy, where a low AAG ι e a small free enthalpy difference 
(AAF = AAU — Τ AAS) between the impurity and the product implies a large k, e g 
a large thermodynamic minimum 
Trapped in the lattice (σ > 0) 
At low driving forces the step growth regime will prevail Depending on the physical 
properties lmpuntj В will compete with the mam compound A for adsorption at kink 
sites When the rate of desorption of В becomes too low in comparison with the growth 
rate molecules of impurity В may be trapped in the lattice 
The burying of pockets by macrosteps (σ > 0) 
The concentration of impurities at the interface is determined by the thermodynamic dis­
tribution coefficient ко and the intensity of mixing of the fluid in relation to the growth 
rate This means that factors like the \iscosit\ will pla\ an important role Assuming 
A0 < 1 the amount of impuritv in front of the growing crvstal will increase when the 
d i m n g foice becomes larger (A.() > 1 is also possible the \alue of Α,ο is dependent on 
the interaction between the molecules) A pait of the impuiities will be desorbed and 
another part will be trapped into the lattice due to the formation of macrosteps As al-
readv explained incorporation of an impurity will lead to a distortion of the surrounding 
lattice This distortion depends mainly on the similarity of the impurity with the growth 
units of the growing crystal Larger amounts of impurity will form inclusions leading to 
a distortion of the lattice When a temperature gradient is present these inclusions can 
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migrate through the lattice This is due to the dependence of the melting temperature of 
the crystal on the distortion of the lattice and on the amount of impurity present. Both 
factors will lower the melting temperature. The main crystal growth mechanism for this 
trapping of impurities is the macrostep mechanism as explained above. 
Recently, Kubota and Mullin [81] have developed a model in which they assume that the 
step velocity decreases linearly with increasing surface coverage by adsorbing impurities. 
They define an effectiveness factor a of the impurity. When a > 1, the steps are blocked 
already even when the surface coverage is incomplete. For α < 1 the step velocity will 
never be zero (even at complete surface coverage) but will approach a limiting value. 
Their method gives good results for several mixtures. However, it is easier to measure the 
growth velocity of a crystal face than the step velocity as steps are often too small to be 
observed or show a large fluctuation in growth velocity. 
Impurity lines, pores (σ > 0) 
At high driving force conditions a crystal may grow with dendrites or faceted cells. The 
crystal facets will become kineticly roughened at a certain temperature Because of 
the negative curvature ρ the effective supersaturation at the interface will rise (Gibbs-
Thomson effect [82]). This effective supersaturation rise is partly compensated by the 
increased impurity concentration which will lower the melting temperature and cause 
crystal growth within these pores. Therefore, impure regions will occur in the crystal. 
Depending on the concentration of the impurities, the equilibrium temperature and the 
actual temperature of the crystal, these impure regions will be either solid or liquid The 
number (and thickness) of cellular growth forms will determine the number of these im­
purity lines (pores) in the crystal. It is very difficult to make a correct approximation 
of the number of pores but a high growth rate will imply a small tip curvature and vice 
versa (see appendix). Small tip curvatures will cause the formation of more pores 
2.2.1 Recrystal l ization and pocket migration 
Other important phenomena occurring during crystal growth of layers are further pu­
rification of impure parts of crystal mass due to recrystallization. sweating and pocket 
migration. Silventoinen et al. [107] found that in the middle of the crystal layer the impu-
ntv concentration reaches a maximum They explained this by taking into account two 
mechanisms 
1) At the beginning of the layer growth the high temperature gradient over the la\er pro­
vides a strong driving force for the migration of pockets, so the inner part of the crystal 
will purify mostly due to this effect. 
2) At the warmer side the growth rate and hence the impurity concentration will decrease 
This second effect is becoming more and more important as the layer growth continues 
The combination of these two effects gives the maximum in the impurity concentration 
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as was demonstrated by Scholz et al. [104] The migration rate of the inclusions will vary 
dependent on several parameters as the inclusion size and the temperature gradient [68]. 
2.2.2 The dependence of the impurity concentration on the growth 
mechanism 
The main feature of our model is the assumption that the total amount of impurities 
trapped in the layer can be divided into four parts. These parts are completely differ­
ent as explained before. The four processes discussed above will lead to four impurity 
concentrations. 
С'total = k\Co + k2(l — k\)Co -¥ кз(1 — k¡ — k2 — kik2)Co 
+A:,i(l — k\ — k2 — k3 — к] k2 — k\k¡ — k2k3 — kik2k3)C0 (2.8) 
Where 
k\C§ 
determines the amount of impurity incorporated due to thermodynamic equilibrium, 
к,С0 + k2{l - k^Co 
due to step growth regime (not all of the impurities incorporated are due to the step 
growth, a part will be incorporated due to the thermodynamic equilibrium). 
/4C0 + A:2(l - fcOCo + fc3(l - h - k 2 - hk2)CQ 
due to macrosteps (now step growth and the thermodynamic equilibrium are also playing 
a role) and 
к,С
а
 + k2(l - кг)С0 + fc3(l - *i - * 2 - ВДС0 
~\-к^{1 — k\ — k2 — k$ — k\k2 — k\k¿ — k2k$ — к\к2кз)Си 
due to faceted cells respectively (all four growth mechanisms can attribute to the distri­
bution coefficient). 
Assuming k\ <g k2 <K k¡ <íC 1 this equation will reduce to four independent concentrations 
which сяп be added so 
£ total — kiC'o + " 2 ^ 0 + «'3^0 + М Ч = Сth
 m
 + ( st gr + Ста st + С
 г о
 ( 2 . 9 ) 
with Cth m • С ¿f
 gr. Cma st and CTO the impurity concentration due to the thermodynamic 
equilibrium (i.e. the minimum in the G function in dependence of impurity concentration), 
spiral growth or 2D nucleation, macro steps and roughened growth (dendrites or faceted 
cells) respectively. When the crystal is growing with a step growth mechanism (eq. 2.10). 
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macrosteps (eq. 2.11), dendrites (eq. 2.12) or faceted cells (eq. 2.13) the total impurity 
concentration will be respectively: 
С total = Cthm + C
s t 9 r (2-10) 
(-•total — Wfc m + í-'st gr + Cma st (2-11) 
Ctotal = Cthm + CTO (2-12) 
Ctotal = Cthm + Cstgr + Cmast + CTO ( = 2.9) (2.13) 
Every crystal growth mechanism is responsible for a certain part of the impurity 
concentration in the crystal (layer). With these mechanisms the amount of impurity which 
can be trapped into the crystal lattice is dependent on the amount of impurity adsorbed 
at the crystal surface (determined by the initial impurity concentration of the melt and 
diffusion limitation f; being constant under steady state conditions), the adsorption time 
at the interface (constant) and the growth rate. Varying the growth rate will cause a 
variation of the amount of impurity trapped. At low growth rates, the impurities will 
desorb before they are incorporated into the lattice. At high growth rates the impurities 
will not have sufficient time to desorb. With eq. 2.10 and 2.11 С
Ма
і can be calculated for 
these cases. The difference for the dendritic growth and faceted cells arises because the 
side faces of the faceted cells remain faceted. Only the top face is roughened (figure 2.2). 
Therefore when С
Ша
і of the faceted cells is calculated there will also be a part of the 
impurities trapped by a step growth or macrostep mechanism. 
'The influence of the diffusion coefficient on the distribution coefficient can be caluilated with tlie 
Stefan-Maxwell equation [lö] 
J, = c2Y^MlM1D,JVx] 
with J, = relative molar flux of species ι, с = total molar concentration, ρ = fluid density, M = molecular 
weight and x¡ = mole fraction of species j This correction was not used in the calculation of the 
distribution coefficients as described in this thesis In our model the distribution coefficients of the 
different growth mechanisms differ at least an order of magnitude So, for small impurity concentrations 
our model is a simplification 
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2.3 Test mixtures 
f-Caprolactam (CAP) - cyclohexanone (CYC) and naphthalene (NAP) - biphenyl (BIP) 
were chosen because of the industrial interest in these mixtures. CAP is an intermediate 
in the пуіопб route (benzene —• cyclohexane -> cyclohexanole —> cyclohexanone —• 
e-caprolactam —> пуіопб) and CYC is one of the important impurities in this material. 
NAP is an important raw material for a wide range of organics. 
2.4 Experimental setup 
In order to test the model it is necessary to know the growth mechanism at different growth 
rates and the amount of impurity incorporated. Therefore two different experimental 
designs were used: the observation cell and the Bridgman design. With the observation 
cell it is possible to carry out morphological observations and growth rate measurements. 
In the Bridgman design large single crystals can be grown at different growth rates for 
the determination of the impurity distribution coefficient. 
Table 2.1 Concentration of the observation cell and Bridgman ampoules. 
observation cell i Bridgman 
CYC ¡ BIP Τ CYC I B I P I 
mole% ! mole% mole% mole% 
О ~^0 0.0385 0.125 
0.0275 0.125 0.079 1.19 
0.085 1.19 ! 0.268 \ 9.776 
0.96 | 9.775 1.03 
9.85 3.16 
10.51 
2.4.1 Observation cell 
The observation cell (chapter 1. figure 1.5) was already developed by Jetten [73] and 
modified by Elwenspoek [36]. This technique was used for morphological observations 
and measurements of the growth rates. In each ampoule a melt with a known amount 
of impurity was weighed in (table 2.1). Then the ampoule is sealed and placed in a 
temperature regulated larger vessel. The temperature control of the thermostats is better 
than 0.01°C. Before the experiment starts the whole crystal mass is molten and thoroughly 
mixed. Then the melt is undercooled and completely crystallized ( Δ Τ > 10°C) in a few 
seconds. Now the crystal mass is carefully molten until one isolated, small seed crystal 
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at the bottom remains (typical size ΙΟΟμιτι). After completion of the measurements, the 
crystal can be molten again and the experiment can be repeated. 
2.4.2 Bridgman technique 
For the determination of the distribution coefficient large single crystals were grown using 
the Bridgman technique (see chapterl, figure 1.6). It is possible to determine the ther­
modynamic minimum quantity of impurity incorporated into the crystal lattice with this 
technique, when using sufficiently low growth rates. (Below a critical growth rate always 
the same amount of impurity will be incorporated.) 
All the crystals were grown in sealed tubes (with an exactly known amount of impurity, 
table 2.1), with a growth rate (pulling rate) of 3.9-10-7, 1.17-10-6 or 3.9-l(T6m/s. In 
order to obtain a single crystal, a "grow out region", a narrow region in which a single 
crystal from a polycrystalline mass will grow out, was present in the ampoule. The tem­
perature difference between the hot (80°C) and cold (50°C) zone was 30°C. After growth 
was completed the crystal was slowly cooled down to room temperature (to avoid ther­
mal cracking) and cut into about 8 parts. For each part the impurity concentration was 
measured by gas chromatography. From these measurements the distribution coefficient 
was calculated. 
Figure 2.2 e-Caprolactam grown from the melt 
1: Very small ΔΓ, single crystal, (110) and (111) faceted. 
2: Small AT, single crystal, inclusions (111) face. 
3: Medium AT, (111) face breaks up (stepped face). 
4: Large ΔΓ, faceted cells develop. 
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2.5 Results and discussion 
2.5.1 O b s e r v a t i o n cell 
For crystals growing in the observation cell, growth rates were measured and the growth 
morphology was observed. CAP single crystals are bounded by {200}, {110} and {111} 
forms. (This is in good agreement with the results presented in chapter 4 of this thesis). 
NAP single crystals are bounded by {001} and {110} forms (at very small Δ Γ also the 
{201} form is present, at higher Δ Γ this form roughens and disappears from the crystal 
morphology). For both test mixtures four important growth forms could be distinguished. 
The growth forms obtained are shown in figures 2.2 and 2.3. 
Figure 2.3 Naphthalene grown from the melt 
Very small ΔΤ, single crystal, (110) faceted and (20І) roughened. 
Small ΔΤ, single crystal, (110) faceted, (20Ï) grown out. 
medium ΔΤ, (110) face breaks up. 
large AT, dendrites develop. 
By combining the growth morphology with the growth rate it is possible to see at 
which growth rates the different growth mechanisms occur. It is very difficult to observe 
the change in growth mechanism from step growth to macrosteps. We assume in the 
following that in the parabolic part of the measured υ vs σ curve a step growth mechanism 
operates and in the higher linear part a macrostep mechanism is operative (eq. 2.1 and 
2.2). Determination of the distribution coefficient is not possible due to the use of closed 
vessels in the observation cell. In order to determine the distribution coefficient large 
single crystals were grown with the Bridgman technique (see section 2.5.2). 
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In figures 2.4, 2.5 and 2.6 the growth rate measurements using the observation cell 
are plotted (the impurity concentrations are given in table 2.1). The measurements were 
fitted with y = axb. As can be seen the growth rate has an approximately quadratic 
dependence on the supersaturation (eq. 2.1). 
Figure 2.4 Growth rate CAP (Ili) ¡ace 
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At higher growth rates this dependence becomes linear (in agreement with eq 2 2). 
Note that the (20Ϊ) face of the NAP crystal has a linear dependence on the supersat­
uration, because this face grows roughened An undercooling at which the step growth 
mechanism is replaced by the macrostep mechanism cannot be deduced from growth rate 
measuieinpiils as macrosteps also glow with a linear dependence on the supersaturation 
But in-situ observations with the optical microscope showed that macrosteps already ap­
peared at relatively ыпаіі Л Г (table 2 2 - 2.5). At higher Л 7 dendrites and faceted cells 
were observed (roughened growth forms, ι e linear dependence on the supersaturation). 
Looking in more detail to the growth of e-caprolactam crystals some other remarks can 
be made. It follows from microscopic observations, that the (110) face remains faceted 
even at AT > 1.5°C According to theoretical calculations, the roughening temperature 
of the (111) face and the (110) face are estimated to be 593K and 746K respectively [44] 
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This indicates that the (110) face has a stronger tendency to remain faceted. Growth 
rate measurements of these faces (figures 2.4 and 2.5) show that the (111) face has a 
higher growth rate than that of the (110) face. 
Figure 2.5 Growth rate CAP (110) face 
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This is in agreement with theoretical expectations because the higher the roughening 
temperature of a facet the lower its growth rate. Looking at the molecular structure 
of the faces, there is a large difference between these facets. Especially when we look 
at the hydrogen bridges between the caprolactam dimers. There will be a difference in 
surface structure and surface charge between the (111) and the (110) face and this will 
influence the growth mechanism and the amount of impurity incorporated [116. 117] In 
the (111) layer an impurity can be incorporated into the crystal layer quite easily (CYC is 
somewhat smaller than CAP) The growth will not be blocked when an impurity molecule 
is adsorbed on the surface. For the (110) facet the impurity has to be desorbed before 
growth can continue. The impurity will block this facet. So in impure melts the (111) 
facet will have a higher growth rate than the (110) facet because of this insensibility to 
adsorbed impurities At very high growth rates the (111) facet will become distorted -due 
to the high amount of impurities included into the facet- and faceted cells develop. 
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Figure 2.6 Growth rate NAP (110) face 
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For naphthalene the growth rate measurements of the faceted (110) face are shown 
in figure 2 6 The scatter of the NAP measurements was much larger than for the CAP 
measurements Due to the small supersaturation used it was very difficult to measure the 
growth rate very accurately Dust particles, an imperfect crystal seed or a small change in 
temperature strongly influenced the measurements [118] Furthermore, the thickness of 
the initial seed influenced the growth rate of the (110) face considerably These problems 
were bigger at high impurity concentrations as can be seen from the larger scattering of 
the measurements 
2.5.2 Bridgman technique 
Ьог détermination of the distribution coefficient large single crystals were grown from 
melts with different amounts of impunt\ In figures 2 7 and 2 8 the integral distribution 
coefficients for the two test systems are given for several crystals grown with different 
initial impurity concentrations For the CAP crystals the results are more or less as ex-
pected as a larger initial impurity concentration of the melt results in a higher distribution 
coefficient The results of the NAP are more difficult to understand Here the perfection 
of the crystal plavs a very important role as will be explained below 
The influence of the growth mechanism on the distribution coefficient 31 
Δ 
. I 
Δ / 
* / / Δ 
ft / о ° 
J Λ, A. / * / Δ 
'У - " 
i / O r О 
/ * ν χ·* 
s Ô ° ^ xx θ 
> W 
0» 
Ο 
Ο 
Λ _ 
^ III 
κ-
IV 
0 001 0 002 0 003 0 004 0 005 0 006 0 007 0 008 
supersaturation 
y = 5 5 ΙΟ4 χ1 6 R = 0 95 (0 mole% BIP) 
y = 4 3 ΙΟ5 χ2 ! R = 0 90 (0 125 mole% BIP) 
y = 2 5 ΙΟ3 χ 1 2 R = 078 (1 19 mole% BIP) 
y = 4 0 IO2 ι 1 1 R = 0 19 (9 775 mole% BIP) 
Figure 2.7 Integral distribution coefficient Bridgman grown CAP crystals. 
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2.5.3 Determinat ion of the growth mechanism 
The combination of the results of the observation cell with the results of the Bridgman 
measurements are given in tables 2 2-2.5. 
Tables 2 3 and 2.5 give the resulting growth mechanisms by which the Bridgman crystals 
were grown. Tables 2.3 and 2.5 were derived from tables 2.2 and 2.4 as follows. In the last 
column of tables 2.2 and 2.4 the undercooling for which the growth rate of the observation 
cell is the same as the Bridgman growth rate is given. So when this value is lower than the 
undercooling in the second column of tables 2.2 and 2.4, the Bridgman crystals will grow 
with a step growth mechanism. The same can be stated for other impurity concentrations 
Comparison between Bridgman grown CAP and XAP crystals (figures 2.9 and 2.10) leads 
to the following conclusions. For the growth rate at which these Bridgman crystals are 
grown, the CAP crystals grow with three different growth mechanisms and the XAP 
crystals grow with a step growth mechanism. Because of the relatively high growth rate 
of XAP crystals at the used supeisalurations, a very small supersaturation is necessary 
to achieve ν = t ' B r t ( J g m a n 
32 Chapter 2 
Table 2.2 Observation cell measurements CAP (111) facet with different initial CYC 
concentrations. 
impurity 
(ppm) 
0 
275 
850 
9600 
98500 
ΔΤ (°C) 
macrosteps 
-
h 
< 0.50а 
< 0.30 
и 0.20 
ΔΤ (°C) 
distorted" 
и 0.70 
и 0.70 
«0.40 
« 0.37 
« 0.30 
ΔΤ (°С) 
(111) breaks up 
с 
-
« 0.90 
и 0.90 
« 0.80 
ΔΤ at which 
v
 = VBridgman 
» 0.25 
» 0.22е 
«0.30 
« 0.35 
« 0.90 
a T h e crystal face remains faceted, but incorporates large inclusions. 
òNo macrosteps observed. 
c The measurements were done at Δ Τ < 1CC, so if break-up occurs it will be at 
a Δ Τ larger than 1°C. 
d T h e value of the smallest Δ Τ at which the phenomenon was observed is given. 
e T h e growth rate of CAP crystals grown from an impure melt with an impurity 
concentration of 275 ppm is larger than from the pure melt. A part of the 
impurities will always be incorporated into the lattice, and they can generate 
dislocations or lower the energy to form a critical nucleus. When more impurities 
are added to the melt the growth rate will decrease. 
Table 2.3 Growth mechanism for Bridgman grown CAP crystals, (111) facet. 
ampoule 
number 
1 
2 
3 
4 
5 
6 
impurity (CYC) 
concentration (ppm) 
385 
790 
2680 
10300 
31600 
105100 
step 
growth 
XXX 
XXX 
XXX 
XXX 
macro 
steps 
XXX 
XXX 
XXX 
XXX 
faceted 
cells 
XXX 
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Table 2.4 Observation cell measurements NAP (110) facet with different BIP concentra-
tions 
impurity ¡ AT (°C) 
(ppm) distorted 
0 и 0.10 
1250 « 0 20 
11900 1 « 0 2 5 
, 97750 « 0.23 
AT (°C) 
stepped face" 
< 0.13 
< 0.22 
< 0.260 
< 0 24 
j AT (°C) 
(110) broken up 
< 0 18 (0 30)b 
< 0.27 (0.39) 
< 0.300 (0 38) 
< 0.28 (0.30) 
AT at which ! 
^
 =
 UBridgman 
« 0 03 
« 0 06 
« 0 065 , 
« 0.10 
a
 A stepped face is not a macrostep (see figures 2.2 and 2 3) ь Between brackets 
is the smallest undercooling at which the development of dendrites was observed 
Figure 2.8 Integral distribution coefficient Bndgman grown NAP crystals 
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At the applied supersaturation І Ч Ч Р = Юі'счя This can he seen more clearly by 
comparing figures 2 9 and 2 10 where the growth rate dependence on the initial impuriU 
concentration is plotted In figure 2.9 I marks the step growth region. II/III the macrosteps 
and region IV the faceted cells. The difference between region II and III is that in region 
III large inclusions are incorporated into the (111) face whereas in region II the inclusions 
are too small to be observed with the microscope 
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Figure 2.9 Determination of the growth mechanism for Bridgman grown CAP 
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The (111) facet is also the facet with which the Bridgman crystals were grown. This 
was found by etch pit experiments on the Bridgman grown CAP crystals. Etch pits were 
made by dissolving CAP in cyclohexane for 30 seconds. Cleavage perpendicular to the 
growth direction was very difficult to carry out whereas cleavage parallel to the growth 
direction was very easily done and (200) cleavage planes were recognized because of the 
observed etch pits. According to the orientation of these etch pits the Bridgman crystals 
grow with a (111) face. 
Table 2.5 Growth mechanism for Bridgman grown NAP crystals, (110) facet 
ampoule impurity (BIP) step steps dendrites 
number concentration (ppm) growth 
1 ! 1250 ' xxx ' 
2 ! 11900 xxx | 
3 97760 xxx 
For the \AP crystals (figure 2.10) it is more difficult to make a distinction because 
all of the three crystals grow in a region where the step growth mechanism is active. 
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Furthermore, the amount of impurity measured in the crystals seems to be independent 
of the initial impurity concentration. In order to explain this contradiction we have to 
look at figure 2.8. The amount of impurity incorporated in crystal II (initial impurity 
concentration 1.19%) becomes smaller and smaller in time during growth. So other factors 
will also play a role. In this case the effect of the crystal perfection will be dominant. 
Crack lines, or the disappearing of the crack lines are obviously more important than the 
amount of impurity present in the liquid. Observation of the three Bridgman grown NAP 
crystals showed that the most perfect crystal (almost no cracks) was crystal II; crystal I 
and III had approximately the same amount of these distortions. Geertman [44] already 
calculated that in a perfect NAP crystal almost no BIP can be incorporated. But when 
an extra vacancy is present the amount of impurity will rise enormously, so when grain 
boundaries or other distortions are present in the crystal, these regions will provide the 
possibility for the BIP to be incorporated into the lattice It seems reasonable to assume 
that in the case of naphthalene the influence of the perfection of the crystal has a larger 
influence than the initial impurity concentration 
Figure 2.10 Determination of the growth mechanism for Bridgman grown NAP 
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2.5.4 Calculation of the amounts of impurity incorporated for the different 
growth mechanisms. 
Looking at figures 2.9 and 2.10 and knowing the growth velocity and the initial impurity 
concentrations of the Bridgman ampoules it is in principle possible to determine the 
growth mechanisms by which these crystals were grown. 
Table 2.6 Impurity concentrations caused by different growth mechanisms, CAP - CYC 
system 
С mit ία/ 
1 mole% 
0.0385 1 
0.079 
0.268 
' 1.030 
3.16 
HlÓ.51 
Ctotai 
mole% 
3.5-10"4 - 1-Ю"3 
3.5-10"3 - 7-10-3 
4.5-10-3 - 1-КГ2 
2.0-10"2 - 5.5-10"2 
0.2 - 0.8 
0.7 - 4.0 
mole% 
4.2-10"4 
8.5-10-4 
2.9-10"3 
l.i-io-2 
3.4-10-2 
0.11 
0 
С 1 с 
i-'si.gr. ι ^ma.st. 
molt% mole% 
- 5.8-10"4 — 
2.7-10"3 - 6.2-10-3 ' — 
1.6-10"3 - 7.1-10-3 
9.0-10"3 - 4.4-10"2 
— 
— 
0.166- 0.766 
0.59 -
г· 
^ face. 
mole% 
— 
— 
— 
1 
3.89 
All the values are deduced from the experimental values except the calculated 
value for C(/,.m.. 
Table 2.7 Impurity concentrations caused by a step growth mechanism, NAP - BIP sys­
tem. 
^initial 
mole% 
Ctotai 
mole% 
Cth.m. 
mole% 
С st дт 
mole% 
0.125 j 1.0-10-2 - 3.5-10"2 δ.Ι-ΙΟ" 4 ¡ 9.5-10"3 - 3.45-10-2 
1.19 ' 1.0-10-2 - 5.5-10"2 4.9-10"3 Ó.I-IO"2 - 4.7-10"2 
9.78 1.1 - 11.3 4.0-10- 1.06- 11.26 
The combination of these predictions with the impurity measurements done on the 
Bridgman crystals (tables 2.6 and 2.7) makes it possible to calculate the distribution co-
efficient for the different growth mechanisms. These results are given in tables 2.8 and 
2.9. From table 2.6. table 2.8 and figure 2.11 it is possible to estimate ranges for the dis-
tribution coefficient or the amount of impurity CYC' incorporated caused by the different 
growth mechanisms of CAP. 
These estimations are: 
Step growth 
Macrosteps : 0.035 < kmas t . < 0.35 
Faceted cells : 0.35 < kface. 
0 < kst.gr. < 0.035 0 < C s t g r < 3 · IO"2 
3 • 10"2 < Cn < 1.5- 10_1 
1.5- Ю - 1 < C 'fa ce. 
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Table 2.8 Integral distribution coefficients for the different growth mechanisms, CAP -
CYC system 
impurity concentration 
cyclohexanone (mole%) 
0.0385 α 
0.079 
0.268 
1.03 
3.16 
10.51 
% solidified 
75 
90 
85 
70 
90 
70 
90 
90 
60 
80 
95 
L — Сдтеоп 
lnt
 ~ C,o 
0.020 
0.035 
0.075 
0 04 
0 35 
0.04 
0 4 
0.15 
0 15 
0 35 
0 95 
1 
growth mechanism 
step growth 
step growth/macrosteps 
step growth 
step growth/macrosteps 
step growth/macrosteps ' 
macrosteps 
macrosteps 
macrosteps 
macrosteps/faceted cells 
faceted cells 
a
: The total amount solidified for a crystal growing from a melt with an initial 
impurity concentration of 0.0385 mole% is 90%, the distribution coefficient is 
given for the first 75% and for the next 15%, the last 10% was very contaminated 
and is not mentioned here. 
Table 2.9 Integral distribution coefficients ¡or the step growth mechanism, NAP - BIP 
system 
impurity concentration % solidified klnt = ¿£*- growth mechanism 
biphenyl (mole%) 
0 125 a 
1 19 
9 775 
See explanation table 2 8 
55 
100 
20 
55 
75 
90 
40 
60 
80 
0.13 
0.23 
0 005 
0 015 
0 035 
0 10 
0 15 
0 30 
0 80 
step growth 
step growth 
step growth 
For the XAP-BIP test mixture such ranges could not be found because of two reasons; 
first at the applied Bridgman growth rate all the test ampoules were in the step growth 
region and secondly this mixture is extremely sensitive to distortions in the crystal so a 
good comparison is impossible. 
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Figure 2.11 Minimal and maximal integral distribution coefficient CAP-CYC mixture. 
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k™\n and fc^ix a r e t n e minimal and maximal integral distribution 
coefficient measured for different initial impurity concentrations 
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2.6 Additional Bridgman results 
The integral distribution coefficients in the previous section were calculated for Bridgman 
crystals grown under the best experimental circumstances. All factors influencing the 
amount of impurity incorporated into the crystal were minimized, the initial seed was 
very small, the used temperature gradient gave the best single crystals (less distortions 
i.e less impurity incorporated) and the growth rate used was the smallest pulling rate 
available. Changing these 'optimal' experimental conditions will increase the amount of 
impurities included. Because of the industrial interest in crystallization from strongly con-
taminated melts Bridgman crystals were grown from a melt containing 30% of impurity. 
High amounts of impurity lower the equilibrium temperature of the melt considerably and 
this made it impossible to use the same temperature gradient. Therefore the temperature 
of both ovens was decreased by 10°C. To enable a proper comparison with other impurity 
concentrations, crystals were also grown from melts containing 1.5, 10 and 15% of impu-
rity. With these impurity concentrations, crystals were grown at three different growth 
rates in order to determine the influence of the growth rate on the distribution coefficient. 
The results have been presented in figures 2.12 and 2.13 
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Facetted cells 
2.6.1 The inñuence of the driving force on the growth mechanism 
In figures 2 12 and 2 13 the effect of the driving force on the growth mechanism can be 
seen very clearly Crystals grown under higher driving force conditions or grown from a 
impure melt will grow with a different growth mechanism (see figure 2 14) The crystals 
grown with this driving force will grow less perfect and will include more impurities 
However the trends will remain the same So 1% Bndgman crystals (CAP crystals grown 
from a melt containing 1% cyclohexanone) will probably grow with a step growth regime 
at low driving force conditions, with macrosteps when the driving force is increased and 
with faceted cells at high driving force conditions (figure 2 14 104 ppm) The results can 
be seen clearly in figure 2 12 A different growth mechanism leads to a different amount of 
impurities which are incorporated Especially for the high driving force conditions (faceted 
cell regime) it can be seen that almost no purification is measured all the impurities are 
trapped between the faceted cells 
Figure 2.12 Integral distribution coefficient for a crystal дтоіьп ¡тот a melt containing 
1% of cyclohexanone 
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The change in growth mechanism is different for the 30% Bndgman crystals figure 2 13 
Now the cr\stals will grow with step growth or macrosteps at the smallest pulling rate 
with macrosteps or faceted cells at medium driving force conditions and with faceted cells 
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at high driving force conditions (figure 2.14, 3-105 ppm). 
So an increase of the driving force of one order of magnitude can change the growth 
mechanism from step growth to faceted cells. 
Figure 2.13 Integral distribution coefficient for a crystal grown from a melt containing 
30% of cyclohexanone. 
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2.7 Industrial purposes 
In industry two crystallization methods are used, suspension crystallization and layer 
growth. The growth rates applied in our experiments cover both methods. In the obser­
vation cell experiments the growth rates applied varied between 10 _ 8 m/s (comparable to 
suspension growth) to 10" 6m/s (comparable to the growth rates used in layer crystalliza­
tion). The Bridgman experiments must be compared with the layer growth for two obvious 
reasons. First the growth rales used with the Bridgman technique are too large compared 
with suspension growth rates but are comparable with growth rates used in layer growth. 
Second, layer growth and Bridgman growth both are crystallization methods in which 
the crystal grows in one direction (the Bridgman seed crystal is polycrystalline material, 
only one face remains after the "growing out region" (chapter 1. figure 1.6)). However. 
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F i g u r e 2 .14 Growth mechanism Bndgman crystals for three different growth rates 
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it should be kept in mind that the Bridgman technique is a method with which single 
crystals are grown whereas layer growth is polycrystalline growth. 
In the case of the CAP - CYC mixtures the crystal growth mechanism for layer growth 
will probably be the macrostep mechanism for pure melts and faceted cells for the impure 
melts. For suspension growth the growth mechanism will be a step growth mechanism. In 
the case of NAP - BIP the mixtures will all grow with a step growth mechanism at these 
growth rates, except for the very impure melts (> 10% impurity) which might grow with a 
macrostep mechanism. Comparison of the test mixtures show that after the crystallizing 
stage the NAP is already very pure when compared with the CAP. because it was grown 
with facets (except in the \ery impure melts) A second reason is the size of the impurity 
building unit. CYC will fit relatively easy into the CAP crystal whereas BIP is larger 
than XAP and will be incorporated with more difficulty 
When this model is used for industrial purposes, it has to be taken into account that after 
crystal growth is completed further purification steps may be performed in suspension 
growth or layer crystallization. Purification by washing (removing of the outermost layer 
and the adhering mother liquid) will give a large purification in both systems as it will for 
every crystallized compound. Since in suspension growth the growth mechanism will be 
a step growth mechanism, almost no impurity will be incorporated into the crystal. The 
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majority of the impurities will be in the impurity rich adhering mother liquid. Purification 
by sweating will give the best results with layers grown in the dendritic or faceted cells 
regime The crystal has an open pore structure and the impure melt can diffuse out of 
the crystal So due to the different growth mechanisms CAP will purify more by sweating 
than NAP. 
2.8 Conclusions 
General conclusions 
Most organic compounds will grow with three different growth regimes; step growth, 
macrosteps and faceted cells or dendrites. Depending on these growth mechanisms impu-
rities will be trapped into the crystal. For the step growth regime the amount of impurities 
incorporated into the crystal lattice and the corresponding distortion will be very small. 
In the macrostep regime small pockets of impurities become trapped into the crystal due 
to the bunching effect and the crystal facets will grow in a distorted way. Finally, crys-
tal growth in the faceted cell or dendritic regime will result in polycrystalhne growth. 
Between the cells/dendrites impure crystal mass will gather. This crystal mass between 
the cells or dendrites can be purified easily. These pores will have a lower melting point 
compared to the surrounding crystal mass. Thus sweating and diffusion washing will be 
very effective on such a crystal layer 
C A P - C Y C 
CAP crystals have a very strong tendency to remain faceted. This is due to the relatively 
high roughening temperature of the crystal facets. The difference in the packing of the 
molecules in the (110) and the (111) facets could cause a different dependence on the 
amount of impurities present in front of the growing facet. Each growth mechanism will 
have its own way of trapping impurities and gives rise to its own distribution coefficient 
N A P - B I P 
Due to the low roughening temperature of the facets on the NAP crystals and the lower 
mass transfer resistance (lower viscosity than CAP), NAP will grow much faster than 
CAP at the same supersaturation. Another difference between the two test systems is the 
impurity used Whereas CYC molecules are smaller than CAP. BIP is larger than NAP 
and a distortion of the lattice is necessarv before a BIP molecule can be incorporated [14] 
This implies that for tins system the perfection of the crystals will have a larger influence 
on the amount of impurities trapped in the lattice 
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Arbitrary system 
Extrapolation for industrial purposes for an arbitrary system gives the following rules 
• Small growth rates (step growth regime) are favourable for a high purification ef­
ficiency The most pure crystals with almost no inclusions are obtained using sus­
pension growth Pure crystal layers can be grown also using the same growth rates 
but the amount of crystal mass produced will be extremely small This difference 
is due to the larger crystal surface area available in suspension growth 
• Medium growth rates (macrostep mechanism) this region is always unfavourable 
for purification purposes in industrial crystallization processes Due to the bunching 
effect a lot of small inclusions will be incorporated into the crystal (layer) It is very 
difficult to remove these small inclusions from the crystal 
• High growth rates (dendrites faceted cells) result in a large incorporation of impu­
rities layer crystallization may, however provide good results in this region This is 
because the crystal layer can be purified reasonably well using washing and sweating 
This is due to the open structure of the layer 
Appendix: The marginal stability constant 
For a dendrite tip a relation was derived by Langer and Muller Krumbhaar [83, 84] be­
tween the growth rate ν and the tip curvature ρ σ" (marginal stability constant) =^y 
with ρ = j - and V = 20, Ρ = dimensionless curvature, d0 = capillary length (m), V = 
dimensionless growth rate and D the diffusion constant (m2/s) The value of the marginal 
stability constant was found to be about 0 025 by Ghcksman [49] who experimented with 
succinonitnl Other measurements on Xenon and Krypton showed that the derived rela­
tion works well, but the value differs depending on the substance 
The tip curvature can be calculated easily from measurements using ρ = ^h jj and h 
measured just above the first developing side branches For a precise calculation of the 
marginal stability constant a large amount of experimental data are necessary Geert-
man [44] has carried out measurements on the cyclohexane - benzene system, calculating 
the capillary length and the diffusion constant and the thermodynamic equilibrium dis­
tribution coefficient k0 from growth rate / tip cunature measurements 
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Growth of б-caprolactam crystals from a 
contaminated melt: The difference between the 
{111} and the {110} form 
E.P.G. van den Berg, G. Bögeis and G.J. Arkenbout 
Abstract 
The (111) and (110) facets of e-caprolactam growing from the melt appear to grow with 
different mechanisms This is caused by the different molecular structure of the (111) and 
the (110) facets of e-caprolactam Moreover, the amount of the impurity cyclohexanone 
in front of the interface changes the growth mechanism leading to different distribution 
coefficients for each facet Usually, m industry overall distribution coefficients are used 
and the crystal form is only of interest because of the filterabihty of the crystals Here it 
is shown that a second factor, the growth mechanism of each facet has to be taken into 
account when considering the optimal conditions for growing pure crystals 
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3.1 Introduction 
Crystal purity is determined mainly by the growth mechanism by which the crystals are 
grown [1, 2, 9, 22, 24, 40, 41, 42, 70, 122, 127] If the growth rate, the amount of impurities 
in the melt or other factors like the stirring rate or the viscosity change, the growth mech­
anism may change as well A different growth mechanism will cause a different structure 
of the interface and a different purification efficiency 
In industrial crystallization, suspension growth [32] is one of the most important crystal­
lization methods Suspension growth is a continuous crystallization process Crystals are 
grown in a crystallizer until they reach the desired dimension after which they are sepa­
rated using a centrifuge or a wash-column (see figures 1 2 and 1 3) The most important 
parameters in this process are the crystal shape and purity Crystals with a platelet or 
needle like shape are more difficult to separate than spherical ones because the filters will 
be blocked A change of the shape of the crystals could then be desirable 
But not only crystal shape is important the incorporation of impurities, which may vary 
for the different facets, is also very important in order to reach the desired overall crystal 
purity in a single step operation Mostly only the overall crystal purity is determined 
experimentally and not the distribution of impurities over sections of different faces In­
formation about the distribution of impurities over the different sectors of facets is also 
essential as different crystallographic faces have different interfacial structures and rough­
ening temperatures These interfacial structures will lead to different growth mechanisms 
and hence different concentrations of impurities incorporated into the different faces Dif­
ferent growth mechanisms may cause a large difference in purity of the facets especially 
when one of the faces will grow with a roughened growth mechanism like dendritic or 
faceted cell growth 
The importance of this difference in growth mechanism on the incorporation of im 
purities will be demonstrated for the (111) and (110) facets on large single crystals 
of e-caprolactam, grown with the Tammann technique From these measurements the 
favourable σ and morphology leading to the smallest impurity incorporation can be de 
du eed 
3.2 Morphology of caprolactam crystals 
The suuctuio of e-capiolaclain [128] is monoclmic <md centrosunmetric (space group 
C2/( ) with eight molecules in the unit cell The lattice parameters are a = 19 28 4 
b = 7 78.4 с = 9 57Л and 3 = 112 37е Geertman and van der Heijden [46] performed a 
PBC (Periodic Bond Chain) analysis both with a monomer and a dimer analysis ^s a 
e-caprolactam molecule can form two hydrogen bridges a dimer unit depending on the 
polarity of the solvent both analysis were necessary In the monomer case, the growth 
units are single molecules Monomers of 6-caprolactam will be present in water as water 
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will form stronger hydrogen bridges In apolar solvents (alkanes) or in the pure melt, 
the growth unit will probably be a dimer Of course, the real crystal morphology will 
be somewhere in between these two crystal forms predicted by the monomer and dimer 
analysis The predicted crystal morphology agreed quite well with the experimentally 
observed morphology of crystals grown from different solvents [120] In both the monomer 
and dimer analysis the four most important forms were {200}, {111}, {110} and {311} 
These were also found on crystals grown from different solvents e-Caprolactam crystals 
grown from the melt always show a large {200} form bounded by {111} and {110} forms 
\ew calculations show that a mistake was made in the dimer case resulting in a different 
order of the faces Now the {110} form is forbidden due to a unique position of the centre 
of mass (see [117]) So in the dimer case the most important forms will be {200} {111} 
and {311} forms 
3.3 Experiment 
The seed crystals necessary for the experiments were grown from an e caprolactam solu 
tion in acetonitnle These crystals are bounded by {200}, {111} and {311} forms The 
appearance of {110} was very rare on these ε caprolactam crystals In the thermostated 
Tammann vessel (chapter 1, figure 1 7) an overpressure of argon is introduced in order to 
ensure that water which influences the equilibrium temperature and affects the morphol­
ogy and purity, will not contaminate the crystals* The experiment started by determining 
the equilibrium temperature of the melt having a known concentration of the impurity 
cyclohexanone using small amounts of e-caprolactam powder Then the temperature was 
raised by 0 1°C and the seed crystal, attached mechanically to a wire, was placed in the 
vessel (above the melt) The crystal remained in this position for twenty minutes in order 
to equilibrate after which it was lowered into the melt The crystal was molten back to 
clean the surface from impurities, cracks and scratches, and subsequently the temperature 
was lowered to the desired growth temperature and the experiment started When the 
growth was stopped the crystal was pulled out from the melt and the vessel was cooled 
down slowly to room temperature This is important because e caprolactam crystals are 
very temperature sensitive and thermal cracking can occur quite easily 
To determine the impurity concentration the crystals weie cleaved twice along the differ 
ent side faces The first slice was alvvavs removed because of the contamination of the 
adhering mother liquid The second slice v\as used for the deteiminalion of the evelo 
hexanone ïmpuritj concentration This was performed with a gas Chromatograph The 
integral distribution coefficient was calculated using k,nt = C\smean/C\ /,0 Clsmean and 
C, I 0 are the mean impurity concentration in the solid and the initial impurity concen-
tration in the liquid respectively 
"e Caprolactam is hygroscopic so it is very difficult to grow water free crjstals Problems with water 
and the influence on the morphology are treated in chapter 4 and 5 of this thesis 
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By means of UV spectroscopy it is possible to visualize the cyclohexanone distribution 
in the crystal. Cyclohexanone has a strong band in the UV region around 285 nm. The 
UV-lamp used has a maximum intensity around this region and e-caprolactam has no 
absorption band in this region (UV band e-caprolactam. 230 nm). By exposing a con­
taminated e-caprolactam crystal, put on top of special photografic paper, to this UV light 
the impure regions within the crystal showed up as dark bands on the photograph. 
3.4 Results and discussion 
Large single e-caprolactam crystals were grown at different supersaturation (or growth 
rates) from melts containing 0, 0.1, 5, 15 and 30 mole% of cyclohexanone In figure 3.1 
the growth rate of the (111) facet as a function of the supersaturation is plotted for 
different amounts of impurity in the melt Looking at figure 3.1, a strong decrease of the 
growth rate is observed when the Tammann grown crystals were grown in increasingly 
contaminated melts. The higher amount of cyclohexanone impurity obviously blocks the 
growth of the crystal faces. 
Figure 3.1 Growth rates of the (111) face of e-caprolactam for different amounts of im­
purity m the melt. 
о pure melt χ 15% 
:• 0.1% + 30% 
,^ 5% * 5% unstirred 
0.20 
0.15 
V(ll-l) 
in μιτι/s 
.0.10 
0.05 
0.001 0 002 0.003 0.004 0 005 0 006 0.007 
»~ Superbaluralion 
The quadratic dependence on the supersaturation was already derived in [115] for 
crystals grown from relatively pure melts The measurements shown here suggest that 
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the same step growth mechanisms are operative under these growth conditions. When a 
more impure melt is used, the growth mechanism will change due to the higher amount 
of impurity present at the interface [115]. Measurements carried out with the observation 
cell and the Bridgman technique made it possible to estimate the amount of impurity 
incorporated for different growth mechanisms (see [115]). Using these techniques, the 
melt is stagnant in contrast to the stirred melt in the Tammann growth experiments. 
In figure 3.2 the dependence of the growth mechanism on the growth rate (supersatura-
tion) and on the initial amount of cyclohexanone present in the melt is shown for the (111) 
facet. The hatched regions indicate the different growth mechanisms and are related to 
morphological observations done for different growth rates and impurity concentrations. 
In regime "I" the crystal surface remains smooth and no macrosteps or other growth 
phenomena were observed. Regime "II" gives the growth rates for which macrosteps were 
observed, regime ("III") the growth rates at which inclusions parallel to the (111) facet 
were observed and regime ("IV") the growth rate for different amounts of impurity where 
the breaking up of the (111) facet and development of faceted cells were observed. 
Figure 3.2 Graphical presentation of the observed growth mechanisms, in dependence of 
the growth rate and the amount of impurity in the melt for the (111) face 
V (μπΊ/s) 
i 1 
o.o : 
О ыерь 
D Vdistorted(llï) 
О Vbrokenup(l l î ) 
I Step growth 
II Macrosteps (crystal face contains small inclusions) 
III Macrosteps (crystal lace contains large inclusions) 
IV Faceted cells 
Impurity concentration 
(mole% cyclohexanone) 
We think that these regimes are a good estimation for the growth rates at which the 
various growth mechanisms are operative. We suppose that in regime I step growth occurs, 
in regime II growth via macrosteps causing the incorporation of microscopic inclusions. 
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in regime III macroscopic inclusions are incorporated and in regime IV the crystal facet 
breaks up and faceted cells develop (in chapter 2 of this thesis pictures of the different 
growth mechanisms are shown). So with the aid of this figure it is possible to determine 
the growth mechanism for the different crystals grown. But some caution is necessary. In 
these experiments a stagnant melt was used, so there will be a shift of the regions to the 
right for the Tammann experiments Stirring of the melt will refresh the impure melt in 
front of the growing crystal interface. 
When the growth rate and the distribution coefficient of the (110) and (11Ì) faces are 
compared, some special phenomena can be observed (figure 3.3 and table 3.1). In figure 3.3 
the ratio of the growth rates of the (110) and (111) faces are plotted in dependence of the 
cyclohexanone concentration. The same is done for the distribution coefficient. 
Figure 3.3 Ratio of the growth rates and the distribution coefficient of the (110) and the 
(111) facet in dependence on the cyclohexanone concentration. 
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At ыпаіі cyclohexanone concentrations, the growth rate of the (110) facet is smaller 
than the (111) face But the difference in growth late disappears at an impurity con­
centration of 15%. At higher impurity concentrations the growth rate of the (110) face 
becomes smaller again. The calculations of the distribution coefficients of these crystal 
faces gave the following results: For crystals grown from relatively pure melts, e.g. 0.1 -
5%, the (110) face contained less impurities in comparison to the (111) face as could be 
expected (table 3 2). 
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Table 3.1 Growth rates and integral distribution coefficients of the (110) and the (111) 
facet of e-caprolactam. 
mole% 
cyclohexanone 
in melt (mole9c) 
0 
0.10 
5.0 
15.0 
30.0 
15.0° 
^(110) 
(μπι/s) 
0.036 
0.042 
0.14 
0.016 
0.050 
0.16 
0.016 
0.035 
0.10 
0.014 
0.010 
0.019 
0.0036 
0.0065 
0.00090 
V(ui) 
(μπι/s) 
0.083 
0.099 
0.23 
0.029 
0.094 
0.31 
0.022 
0.060 
0.12 
0.0091 
0.016 
0.017 
0.016 
0.0079 
0.0024 
V(iio) 
Чш> 
0.44 
0.42 
0.60 
0.53 
0.53 
0.53 
0.71 
0.59 
0.83 
1.50 
0.64 
1.11 
0.22 
0.83 
0.37 
1.(110) 
0.013 
0.014 
0.073 
0.0070 
0.011 
0.0045 
0.037 
0.049 
0.046 
0.0077 
0.013 
ь 
¿.(ni) 
0.065 
0.049 
0.089 
0.020 
0.032 
0.011 
0.039 
0.029 
0.031 
0.11 
0.0098 
0.14 
L i m ) 
0.19 
0.29 
0.081 
0.35 
0.34 
0.40 
0.94 
1.68 
1.47 
0.72 
1.30 
α
: The melt was unstirred during this experiment. 
b
: The (110) face grew only a few mm in several days making the experiment and 
the determination of the distribution coefficient inaccurate. 
But for the melts with 15 and 30 mole% of cyclohexanone no significant difference in 
impurity concentration could be measured although the growth rate of the (110) face was 
smaller. Combination of these findings gives the following results: 
• 0.1%*: V(110) < ( 1 1 І ) and k$0) < kffn) 
• 59c: цю) < V(111) and fc™{0) < к ^ 
• 159?: l(iio) ~ I (in) a n ( l '•"(HOI ~ ' щ и 
• 3 0 / : V(iio) < l(iii) a n c ' "Ίΐιοι ~ *"('nï) 
Ό 1 mole% cyclohexanone in the melt. 
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Table 3.2 Impurity concentration of the (110) and (111) face of e-caprolactam. 
mole% cyclohexanone in melt supersaturation 
0.10 
5.0 
15.0 
30.0 
0.0017 
0.0033 
0.0050 
C(no) (in mol%) 
0.0014 
0.0014 
0.0073 
0.0033 0.035 
0.0041 0.054 
0.0058 0.056 
0.0035 0.55 
0.0035 0.74 
0.0044 0.69 
Q u i ) (in mol%) 
0.0065 
0.0049 
0.0090 
0.10 
0.16 
0.22 
0.59 
0.44 
0.47 
0.0047 0.23 0.32 
0.0056 0.38 0.30 
Figure 3.4 UV absorption topograph of two different crystals. 
Crystal grown from 0.1% impurity in the melt: 
jfc'ftj, = 0.065 fc(7{0) = 0.013 
Crystal grown from 30% impurity in the melt: 
fe(?íi) = 0 0 1 ° кащ = ° · 0 0 9 
In figure 3.4 two crystals are shown: on the left a crystal grown from a melt with a 
content of 0.1% cyclohexanone is shown and on the right a crystal grown from a melt with 
30% cyclohexanone. Clearly the crystal on the left shows cyclohexanone rich (111) regions 
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whereas in the (110) facet almost no impurity can be detected. The crystal on the right 
shows no clear difference because in both facets a lot of impurities were incorporated. 
Another important feature of this crystal is that the (111) facet of this crystal is broken 
up whereas the (110) facet remains smooth. 
An explanation of these measurements is based on a comparison of the molecular structure 
of the two facets (see figure 3.5). 
Figure 3.5 The surface structure of the (110) and (111) face of e-caprolactam m both top 
and side view 
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The most important difference between the facets is the orientation of the hydrogen 
bridges within the dimers In the (111) facet the bridges are within the slice whereas in 
the (110) facet the hydrogen bridges are protruding more to the crystal surface This will 
cause a difference in polarity of these facets and a different growth behavior. In the (110) 
facet some ordering of the growth units at the interface will occur due to the influence of 
the hvdrogen bridges. So dipolar impurities in front of the (110) facet will block this facet 
more than impurities in front of the (111) facet. For the (110) facet only one orientation 
of the growth unit is possible in which it can be incorporated. An adsorbed impurity 
will have to desorb before growth can continue, since it is very difficult to incorporate an 
impurity into this facet compared to the (111) facet. So for small impurity concentrations 
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the (111) facet will grow faster and will incorporate more cyclohexanone than the (110) 
facet. 
In general, the molecular structure of the interface will determine the growth mechanism 
and the amount of impurities incorporated. At the applied supersaturations, the growth 
mechanism will be step growth for the (110) and step growth or macrosteps for the (111) 
facet (step growth for the relatively pure melts and macrosteps for the 5% impurity in 
the melt). This can be concluded from figures 3.2 and 3.3 for the (111) and the (110) 
facet. Figure 3.2 is determined for the (111) facet. As the growth rate of the (110) facet 
as compared to the (111) facet is smaller, the (110) facet will probably grow with a step 
growth mechanism. This also explains the lower impurity concentrations of the (110) 
facet. 
When crystals are grown from a melt containing 15% of cyclohexanone the growth rate 
ratio U(110) change from 0.5 to « 1. Also the distribution coefficients of the (111) and the 
(110) facet changes dramatically. This implies that the growth mechanism of the (110) 
facet switches to a different growth mechanism for which more impurities are incorporated. 
For the (111) facet the growth mechanism probably is the same as before. 
The results of the 30% experiments are more difficult to explain. Looking at figures 3 2 
and 3.3 a change in growth mechanism was expected, both for the (111) and the (110) 
facet. As the growth rate of the (111) facet rises relative to the (110) facet, it will switch 
to a faceted cell growth mechanism. The growth rate of the (110) facet is smaller and 
a macrostep mechanism is to be expected according to figure 3.2. Observation of the 
crystal showed small inclusions and distortions along the (111) facet whereas these effects 
could not be seen on a (110) facet. The distribution coefficient does not seem to confirm 
these observations, because the distribution coefficient of both facets is about the same. 
A possible explanation for these results can be given by examining the experiment itself. 
After growth, the crystal is slowly cooled down (3-5 hours) to room temperature and 
the crystal remains at a temperature close to the equilibrium temperature for at least 
half an hour. Now, inclusions can migrate out of the crystal [104, 107] * This lowers the 
measured amount of impurity especially in the (111) facet as most impurities are trapped 
in this face between so called faceted cells (chapter 2. figure 3.1). A possible explanation 
for the occurrence of inclusions in the (111) face is that impurities incorporated into the 
crystal lattice due to a step growth mechanism are trapped within the crystal and cannot 
migrate Impurities included into the crystal due to a faceted cell mechanism can diffuse 
out of the crystal due to the pores as was shown in chapter 2 To check whether sweating 
was possible for these large single crystals a crystal was attached above the melt in the 
Tammann vessel, « 2°C below the equilibrium temperature After one hour some droplets 
on the surface could be observed. Therefore, we assume that small pockets can migrate 
'Migration rates of inclusions have been measured for the c-caprolactam - water system [68] and the 
measured values varied between 0 2 - 1 0 mm/h dependent on the temperature gradient and the volume 
of the inclusion 
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through the crystal surface 
Generally, the growth mechanism becomes less sensitive to the molecular structure of the 
facet for higher growth rates 
Step growth —• Macrosteps (microscopic inclusions) —> 
Vlacrosteps (macroscopic inclusions) —• Faceted cells 
The growth mechanism will become "more general", the difference in growth rate and 
purity for different facets will decrease The largest differences can be expected for the 
step growth regime, whereas these differences will vanish for the faceted cell or roughened 
growth regime 
Finally the UV experiments (figure 3 4) confirm the large difference in cyclohexanone 
incorporation between the (111) and (110) face 
3.5 Conclusions 
It was shown that the growth mechanism has a strong influence on the distribution co 
efficient of impurities in crystals The growth mechanism can be different for different 
facets of a crystal depending on the molecular structure of the facets This will cause 
incorporation of different amounts of impurity for the different facets As the growth 
mechanism will be dependent on the supersaturation and the amount of impurity in front 
of the growing interface, these factors will also influence the amount of impurity included 
for different facets LV-measurements confirm this difference in incorporated cyclohex 
anone between the (110) and (111) facets In case of e-caprolactam crystals grown from 
melts contaminated with cyclohexanone, the dependence of the distribution coefficient on 
the growth rate and on the amount of impurity in the melt for the (110) and (111) facets 
are given by 
• 0 1%§ Vum < 
• 5% V(U0) < 
• 1"'% V ( 1 1 0 ) ss 
• 4 0 % \ (HO) < 1(1111 a n ( l ^UlO) ~ ' l ' î l l ] 
Πιο (110) facet piobabl} will grow with a step growth mechanism (0 1% ">/c cvtlo 
hexanone) oi macrosteps (13% - 30% c\clohexanone) whereas the (111) facet will alreads 
grow with a more distorted interface at small impurity concentrations in the melt (")% 
cyclohexanone) At an impurity concentration of 30% cyclohexanone faceted cells start 
growing and the (111) facet breaks up This 'open' structure makes purification due to 
0^ 1 mole% cyclohexanone in the melt 
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(
Ш
) and fc('"10) < Ar('"n) 
V(111) and fc("10) < fc("n) 
1 ' onrl lrlnt ~- lrlnt 
M i l l ) a n Q «(110) ~ K ( l l l ) 
washing or sweating possible 
So in slightly contaminated melts single crystals with relatively large (110) facets should 
be grown, since these crystals will be the most pure ones Generally, faces with the best 
separation efficiency will grow more slowly because of the building up of an impurity rich 
layer in front of these faces 
The growth mechanism which is operative will become "more general'- for increasing 
driving force conditions Due to the "more general" growth mechanism the distinction 
between the purity and the growth rate of different facets will also vanish 
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Chapter 4 
б-Caprolactam, theoretical and experimental 
morphology 
E.P.G. van den Berg, R.F.P. Grimbergen, 
A.J.R. Sweegers and M.A. Verheijen 
Abstract 
The morphology of t-caprolactam crystals grown from different solvents, the melt and the 
vapour phase is predicted and explained using the PBC analysis. Two important effects 
have been taken into consideration: ι) The nature of the growth units, monomers or dimers 
and гг) Interaction of the solvent with the crystal faces, in particular orientation specific 
interaction. 
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4.1 Introduction 
The monomer - dimer equilibrium of lactams in apolar solvents such as ССЦ, CHCI3 and 
alkanes has been studied over the years by several investigators [37, 56, 67, 71, 77, 80, 
90. 111. 124] Generally, the monomer - dimer equilibrium is investigated with IR or 
Raman techniques, focussing on the VN-H and vc=o stretch vibrations These stretch 
vibrations differ considerably between the monomer and dimer and are not disturbed 
by other vibrations. It was shown that the monomer - dimer equilibrium is strongly 
dependent on the solvent used [56, 71, 80, 90]. Furthermore, the existence of trimer and 
oligomer chains was also found in other experiments [37, 67, 124] In this report the 
morphology of e-caprolactam crystals found experimentally, will be explained with the 
presence of either monomer or dimer growth units. In three recent papers, the results 
of a PBC analysis were already presented and. by using these results, the morphology 
of e-caprolactam grown from several solvents was explained [46, 99, 120]. In this paper 
a more complete PBC analysis will be presented and compared with the results of the 
experimentally found morphology of e-caprolactam crystals grown from various solvents, 
the melt and the vapour phase. 
4.2 P B C analysis of e-caprolactam 
A well-established method to predict the morphology of a crystal is the Periodic Bond 
Chain (PBC) analysis, developed by Hartman and Perdok [59, 60, 64, 65. 66] 
For different crystallographic orientations (hkl) the PBC theory distinguishes three 
possible surface types: 
(1) No PBC is present in the plane (hkl) perpendicular to the vector n±(hkl). The 
corresponding face is defined as a K(kinked)-face. The growth rate in a direction 
perpendicular to these faces will be large. 
(2) One PBC is (or more non-intersecting PBC's are) present in the plane. This 
is defined as a S(stepped)-face 
(3) Two or more non-parallel intersecting PBC's exist in the plane (hkl). Hartman 
and Perdok defined this situation as an F(flat)-face. 
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Table 4.1 
Name 
Vlonorr 
CMl 
CM2 
CM3 
CM4 
CM5 
CM6 
CM7 
CM8 
L Position 
X 
1er 
0.36238 
0.63762 
0.63762 
0.36238 
0.86238 
0.13762 
0.13762 
0.86238 
s of the centres of mass 
Y 
0.23704 
0.23704 
0.76296 
0.76296 
0.73704 
0.73704 
0.26296 
0.26296 
Ζ 
0.30937 
0.19063 ' 
0.69063 I 
0.80937 ι 
0.30937 
0.19063 
0.69063 
0.80937 
in the unit cell in fr 
Name 
Dimer 
CMl 
CM2 
CM3 
CM4 
X 
0.25000 
0.75000 
0.75000 
0.25000 
actional coo 
Y 
0.25000 
0.25000 
0.75000 
0.75000 
rainales. 
Ζ 
0.00000 
0.50000 | 
0.00000 
0.50000 
Table 4,2 Bonds defining the crystal graph for the monomer and dimer case. 
, Monomer 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
Bond 
CM1-CM2 
CM1-CM3 
СМІ-СМЗ(ОЮ) 
CM1-CM4 
CM1-CM4(0Ï0) 
CM1-CM6 
CM1-CM7 
CM1-CM7(00Ï) 
Dimer 
' Nr. 
1 
2 
3 
4 
5 
6 
Bond 
CM 1-CM 1(001) 
CMl-CMl(OlO) 
CM1-CM2 
CM1-CM3 
СМІ-СМЗ(ООІ) 
CM1-CM4 
In order to perform a PBC analysis, first the growth units of the crystal and all bonds 
between the growth units in the unit cell and the neighbouring cells have to be defined. 
Next, the growth units are reduced to their corresponding centres of gravity and the bonds 
(interactions) between the growth units are represented by bonds between the centres of 
gravity. This set of centres of mass and bonds is defined as the crystal graph. The crystal 
graph contains all I he information required to derive 1 he F-faces. 
In ihr case of c-capiolnclam it is assumed that the growth units an; either single f-
caprolactaiii molecules or hydrogen bonded dimers. Therefore, the PBC' analysis was 
carried out for both cases. In table 1.1 the centres of mass of the two types of growth 
units in the unit cell are listed. 
The bonds used in the analysis (the strongest bonds in the structure) are given in table 4.2. 
these are also shown in figure 4.1. From the information of table 4.1 and 4.2 we determined 
the F-faces. The calculated F-faces are summarized in table 4.3. 
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Table 4.3 List of F-forms resulting from the PBC analysis for the monomer and dimer 
case with reference to vacuum. 
monomer ащ (À) monomer dhki {A) dimer ¡ ащ (À) 
{200} 
{110} 
{111} 
{111} 
{311} 
{202} 
{310} 
{400}-
{002} 
{112} 
{402} 
{020} 
" = subslices 
8.913 
7.130 
6.018 
5.180 
4.815 
4.748 
4.722 
4.457 
4.424 
4.046 
3.990 
3.890 
{312} 
{311} 
{220}* 
{021} 
{112} 
{221} 
{511} 
{512} 
{221} 
{421} 
{313} 
; 3.865 
I 3.724 
3.565 
3.561 
3.526 
3.497 
3.454 
3.195 
3.145 
3.017 
2.932 
ι {200} 
'{111} 
{111} 
{311} 
{202} 
{002} 
{402} 
{020} 
{220} 
8.913 
6.018 
5.180 
4.815 
4.748 
4.424 
3.990 
3.890 
3.565 
If we compare the results of the two analyses, the difference is that the monomer 
analysis yields more F-faces as compared to the dimer analysis. One reason for this 
difference is quite obvious: in the monomer case the crystal graph contains more bonds. 
Secondly, the crystal graph in the dimer case has a higher symmetry than the monomer 
graph. The reason for this higher symmetry is that the centres of mass of the dimers are 
located at special positions in the unit cell so the dimers have a point symmetry Î. As 
a result, an extra selection applies to the ''dimer graph": к + I = 2n [61. 63, 69]. This 
is due tot the fact that the bonding system or the crystal graph has a higher symmetry 
than the crystal structure. The above mentioned selection condition was not applied in 
a previous analysis [46]. Considering this extra rule, the (110) face is expected to grow 
by half layers in the dimer case. As can be seen in table 4.3 the (220) face is also an 
F-face. The morphological implication of the extra selection rule is. amongst others, that 
faces (hhO) will have a lower M.I. (Morphological Importance) for growth by dimers in 
comparison with growth by monomers. Thus, the {110} form is expected to be more 
important than the {220} form. This implies that the relative size of the (hhO) faces can 
be an indicator for the naturo of the growth units. This important implication of the 
PBC' analysis will be used below in more detail. 
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Figure 4.1 The unit cell and the centres of mass for the e-caprolactam monomer and 
dtmer analysis. 
Dimer 
The structure of t-caprolactam [128] is monoclinic and centrosymmetric 
(space group C2/c) with eight molecules in the unit cell. The lattice 
parameters are a = 19.28Λ, b = 7.78Â, с = 9.57.4 and 3 = 112.37°. 
4.3 Experimental 
4.3.1 Sphere growth experiments 
Sphere growth experiments, during which crystal growth is performed on small e-
caprolactam crystal spheres, can give information about the number of F-faces experi­
mentally possible. Using the right experimental conditions, making sure the faces are not 
becoming too large and do not overgrow other faces, all possible F-faces can be revealed. 
Preparation of e-caprolactam spheres 
The e-caprolactam crystals used for the sphere growth experiments were grown from the 
melt (see chapterl. figure 1.5). A glass ampoule containing the pure melt was slowly low­
ered from a hot zone into a cold zone. At a forced growth rate of 3.9-10_7m/s, a perfect, 
water free single crystal could be obtained. After growth was completed the crystal was 
cut and polished into a sphere by using a small drilling device with a hollow spherical drill 
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and water as the polishing liquid These e-caprolactam spheres were stored in a water-free 
atmosphere 
Sphere exper iments from the melt 
Sphere growth experiments from the melt were performed in a temperature controlled 
vessel (figure 1 7) The spherically shaped crystals were mounted on a small holder and 
placed in the melt The temperature of this melt was slightly above T
m
 in order to melt 
the outer layers of the sphere to remove possible surface contaminations Then the tem­
perature of the melt was decreased until a small undercooling of about 0 1°C was reached 
A few minutes proved to be sufficient for the development of faces so the crystals were 
taken out after a short time The crystals were dipped in cyclohexane which is neces­
sary to remove impurities attached to the crystal surface during growth Furthermore, 
e-caprolactam does not dissolve in this -quickly evaporating- solvent during the short 
' dipping-time Any remaining mother liquid was removed with a tissue Again the 
crystals were stored in a water free atmosphere 
Sphere experiments from the vapour phase 
For growth experiments from the vapour phase a special cell was developed as described 
in chapter 5 (figure 5 1) Under a continuous nitrogen flow, e-caprolactam powder and the 
sphere were placed on the bottom of the cell and the cold finger respectively SubsequentW 
the cell was closed and flushed with nitrogen for several hours after which the experiments 
started Between the outer wall (55°C) and the cold finger (45CC), both temperature 
controlled by thermostats, vapour transport of e-caprolactam takes place resulting in a 
supersaturated gas phase above the spherical crystal Lsually, the growth of the facets 
proceeded slowly and the experiment took about 90 hours after which the crystal was 
removed and the faces were indexed with an optical goniometer 
4.3.2 Morphology of e-caprolactam crystals grown from various growth media 
e-Caprolactam was grown from a number of growth media These growth media can be 
divided into 3 groups 
1) A polar solvents 
a) alkanes η hexane1 η heptane1 iso-octane1 c\clohexane' and teradecene2 
b) aiomates toluene 1 2 о m and p-x\lene1 2 
2) Polai solvents 
a) alcohols methanol1 e thanol 1 2 n-propanol' n-butanol1 and gKcerol2 
b) acetone 1 2 acetonitnle2 tetrah\drofuran 2 and cyclohexanone2 
c) ethyl acetate 1 water 1 2 and acetic acid2 
3) The melt2 and the vapour phase2 
1
 = Geertman and van der Heijden [46 120] 2 = this paper, ' 2 = both 
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Growth of e-caprolactam crystals from various solvents was always performed using the 
same experimental procedure. First, e-caprolactam was dissolved under vigorous stirring 
and by slightly heating of the solvent. Next, the saturated solution was poured into 
small crystallization vessels (200ml) and stored under an argon atmosphere to minimize 
the influence of water. Usually, crystallization took a few days, after which the crystals 
were taken out of the crystallization vessels. Subsequently, the crystals were dipped in 
cyclohexane to remove any adhering solvent. 
The morphology of t-caprolactam crystals grown from the melt was determined using a 
small, sealed glass ampoule containing the e-caprolactam. This ampoule was put in a 
temperature regulated vessel. The growth of small e-caprolactam crystals was observed 
with an optical microscope at different supersaturations (for further information see [39, 
115]). f-Caprolactam crystals grown from the vapour phase were observed in the vapour 
cell with a similar procedure as used for the sphere experiments. 
Table 4.4 Results of the sphere growth experiments. 
VÍ 
form {hkl} 
{200} 
{111} 
{110}/{220} 
{311} 
, {m} 
{310} 
ipour phase 
relative 
occurrence 
1 
0.42 
0.56 
0.56 
0.17 
0.06 
1 reflection 
+ + 
+ 
+ 
+ 
j + 
! +/-
form {hkl} 
; {200} 
{111} 
' {ll0}/{220} 
{311} 
{in} 
melt 
relative 
occurrence 
0.91 
0.55 
0.57 
0.05 
0.07 
reflection ι 
+ + ' 
+ + 
++ 
+/-
+/- ; 
+4- = very strong reflection: + = strong reflection; +/- = weak reflection: - = very 
weak reflection. The numbers of spheres grown in the vapour phase and melt were 
12 and 11 respectively. The occurrence of the forms is corrected for the number 
of symmetry equivalent faces (hkl) each form {hkl} consists of and the number of 
spheres studied. 
4.4 Results 
The results of the sphere experiments from the melt and vapour phase are given in table 4.4 
and can be summarized as follows: 
I: Comparison between the predicted (table 4.3) and experimentally (table 4.4) 
found morphology shows a good agreement. In both the PBC analysis and the 
sphere experiments the most important forms are {200}, {111}, {110} and {31Ϊ}. 
Also the {111} and {310} forms are found. 
I I : Vapour grown spheres have a richer morphology than melt grown ones. 
I l l : The {311} form occurs more frequently on vapour phase grown spheres than 
on melt grown spheres. 
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In table 4.5 the combined results of Geertman and van der Heijden [46, 120] and our 
results are given. The resulting morphologies are shown in figure 4.2. The results of the 
growth experiments performed in various growth media are summarized below: 
IV: The experimentally found morphology of the £-caprolactam crystals grown 
from various solvents agrees very well with the previous results of Geertman [46]. 
V: Comparison between the predicted (table 4.3) and experimentally found mor-
phology (table 4.5) also shows a good agreement. Only the most important forms 
of the PBC analysis are found, namely the {200}, {111}, {110} and {311} forms. 
VI: Comparison the sphere experiments (table 4.4) and the melt and vapour grown 
crystals shows that, for all experiments, the three most important forms are the 
{200}, {111} and {110} forms. 
Table 4,5 e -caprolactam crystals grown ¡rom various solvents, melt and vapour phase. 
solvent 
acetone 
acetonitrile 
acetic acid 
alcohols 
alkanes 
aromates 
cyclohexanone 
ethylacetate ' 
glycerol 
tetrahvdrofuran 
water 
melt 
vapour phase 
{200}* 
++ 
++ 
++ 
++ 
++ 
+ + 
+ 
++ 
X 
++ 
++ 
++ 
++ 
{110} 
+/-
+/-
+ ' 
+* 
+/-
X 
+* 
+ 
+ 
{ni}' 
+ 
+ 
+ 
+ 
+ 
+ 
+/-
+ 
X 
+ 
+ 
+ 
+ 
{311} 
+/-
+/-
. +/-• 
+/-
+/-
X 
+A 
The + and - signs indicate the relative size of the occurring crystal faces. + + = 
very large face; + = large face: + / - = small face; χ = impossible to grow crystals 
(glycerol): no sign = Face does not occur or could be determined. 
" The morphology of the crystals at high supersaturation is mainly determined by 
the {200} and {111} forms. Sometimes also {110} and {311} forms were found at 
high siipersaluration: these cases are also labelled with an ". 
VII: Very low growth rales were observed for growth from cyclohexanone and 
acetic acid. The resulting crystals were very small (cyclohexanone) or contained a 
large amount of inclusions (acetic acid). 
V I I I : e-Caprolactam crystals could not be grown from glycerol. 
IX: Small {110} and {311} forms were observed on £-caprolactam crystals grown 
from acetone, acetonitrile and ethvlacetate. 
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X: There are no {110} and probably no {311} forms present on e-caprolactam 
crystals grown from alkanes and tetrahydrofuran. 
XI: Large {110} forms were observed on e-caprolactam crystals grown from alco-
hols, aromates, water, the melt and the vapour phase. 
XII : e-Caprolactam crystals grown at slow growth rates ( « 10~9 m/s) have a richer 
morphology than e-caprolactam crystals grown at higher rates ( » 10~6 m/s) . 
Figure 4.2 Morphology of t-caprolactam crystals grown from various growth media, 
a) acetic acid and tetrahydrofuran; b) water (fast kinetics), c) acetone and acetonitrile, 
d) alcohols (fast kinetics), e) alkanes, f) melt and vapour phase, gj alcohols (slow kinetics); 
h) water (slow kinetics), aromates and ethyl acetate 
4.5 Discussion 
The above mentioned results are in good agreement with the previous experiments (IV) 
and with the PBC analysis (I and V). As could be expected, the same morphology was 
found for the crystals grown in the same solvents. Furthermore, the new PBC results 
showed that all the faces present on the f-caprolactam spheres and crystals are F-faces 
with a high Morphological Importance, i.e. a large dhki-
In order to explain the differences in morphology, we will focus on the following growth 
parameters: 
(i) The nature of the growth units: monomers or dimers. 
(ii) Interaction of the solvent with the crystal faces: orientation-specific interaction. 
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These parameters will be discussed below However, not all results can be explained using 
these two parameters Other parameters such as hygroscopicity, viscosity and supersatu-
ration were also found to be of influence These parameters will be explained in section 
4 5 1 
4.5.1 The influence of hygroscopicity, viscosity and supersaturation 
Some problems arose when e caprolactam crystals were grown from various solvents 
These problematic solvents were cyclohexanone glycerol and acetic acid It was impos-
sible to grow e-caprolactam crystals from glycerol and very difficult from acetic acid and 
cyclohexanone (VII and VIII) The problems with growth from cyclohexanone could 
be expected as a cyclohexanone molecule has almost the same size and shape as a e-
caprolactam molecule [44] Therefore a small e-caprolactam crystal will be retarded in 
growth as the incorporated cyclohexanone will distort the crystal lattice [115 116] One 
common feature of the other two solvents acetic acid and glycerol is that they are hygro 
scopic The growth of e-caprolactam crystals from these solvents is now retarded as both 
the solvent and the e-caprolactam attract water during the experiments thereby diluting 
the solvent and decreasing the saturation This happened even if an argon layer covered 
the solvents Additionally, transport problems due to a high viscosity made it impossi-
ble to grow even the smallest crystal seed in glycerol e-Caprolactam crystals could be 
grown from acetic acid These crystals contain large inclusions These inclusions probably 
contain a water-acetic acid mixture incorporated during growth Observation of these 
crystals under a microscope was very difficult as they were even more hygroscopic than 
e-caprolactam A water layer developed on top of these crystals within minutes, suggest 
ing a substantial influence of remaining acetic acid on or below the surface The effect 
of acetic acid on the crystal form of e-caprolactam was already investigated by Llnch 
et al [113] They found a retardation of the growth rate of the {111} form due to the 
blocking of the hydrogen bridges protruding out of the surface For all other solvents 
these problems did not occur 
\ result which can be explained by the influence of the supersaturation is XII When a 
crystal grows slowly more faces can occur When large supersaturations are applied some 
of these faces can grow out of the crystal form due to kinetic roughening Recent com 
putei simulations indicate the possible presence of another effect Calculations show that 
1 -laces for which multiple connected nets occur ma\ show an mei eased growth \elocit\ 
compared to faces with one connected net 
4.5.2 The nature of the growth units 
The nature of the growth units either monomers or dimers is determined by the polarity 
of the solvent In polar solvents e g water the water - e-caprolactam hvdrogen bond 
will be stronger than the e caprolactam - e-caprolactam hvdrogen bond and the monomer 
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form will prevail In apolar solvents this effect is absent and both the monomer and 
dimer form of e-caprolactam can be present A sequence for the effect of the polarity of 
the mother phase on the monomer - dimer equilibrium is given below 
HiO > alcohols, e — caprolactam (melt and vapour phase) 
acetone, acetomtrile, ethylacetate > tetrahydrofuran 
> alkanes, aromates 
Remembering that the {hhO} forms can act as an indicator for dimer or monomer 
growth (see section 4 2), the sequence of the relative sizes of the {110} forms grown from 
different growth media (figure 4 2) is very interesting 
H2O > aromates > alcohols, e — caprolactam > 
acetone acetomtrile, ethylacetate > tetrahydrofuran, alkanes 
This results in approximately the same sequence1 With this polarity sequence" most 
of the previously mentioned results can be explained In apolar solvents, 1 e alkanes 
growth is mainly determined by dimers Therefore, no {110} faces are present on the 
crystal form (X) On the contrary, large {110} faces will be present on crystals grown 
in polar solvents In the latter solvents mainly t-caprolactam monomers will be present 
(XI) " In between are the other solvents Both monomers and dimers will be present and 
the crvstal form contains small {110} forms (IX) The occurrence of large {110} forms 
on crystals grown from the melt (VI) can be explained using the same arguments The 
melt can be characterized as a polar solvent The dimers are unstable due to the high 
concentration of monomers and the relative high temperature Therefore, the growth 
units will be monomers 
For growth from the vapour phase these arguments are not valid The concentration of 
growth units is very small and the vapour phase can be compared rather to an apolar 
solvent than to a polar solvent But this would imply dimer growth units and consequently 
the absence of the {110} form This implies a low MI for {hhO} on the crystal However 
{hhO} forms have frequently been observed both on \apour grown spheres and crvstals 
although approximately half of the crvstals did not show the {110} forms The solution 
to this contradiction could bo an entropv effect In the \apour phase the enlrop\ will be 
ìelatively more important than m η solvent and a t-capmlactam dimei could br unstable 
The dimers probablv do not exist sufficieutlv long on the time scale of the growth process 
so growth will proceed mainly with monomers Another explanation can be the possible 
existence of a water layer on top of the crystal face The water layer can break up 
'Aromates do not fit in the 'polarity sequence" the relatively large {110} forms found on crystals 
grown from these solvents are due to orientation dependent interactions of the solvent molecules with the 
interface This will be explained later 
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the e-caprolactam dimers and the growth units will be e-caprolactam monomers This 
explanation also accounts for the e-caprolactam crystals on which no {110} form was 
observed These crystals were grown with e-caprolactam dimer growth units because no 
water layer on top of the crystal could influence the growth process in this case 
4.5.3 The interaction of the solvent with the interface 
For an explanation of the results of the comparison between the sphere experiments from 
the melt and vapour phase, (II) and (III), a closer look at the structure of the four main 
faces of e-caprolactam crystals is necessary (see figures 4 3 and 4 4) In this discussion, the 
second parameter the interaction of the 'solvent" with the interface plays an important 
role In the case of growth from the melt the solvent is e-caprolactam When we look 
at the structure of the four main faces, the molecular structure of the {311} and {200} 
forms appear to be much more planar than the {111} and {110} forms In front of the 
{311} and {200} forms a layering of e-caprolactam building units is possible This planar 
structure is especially important for the {311} form As the {311} form has a relatively 
low attachment energy this ordering of the building units and thus an increased growth 
could cause roughening of this face How does this happen 9 
The dimensionless roughening temperature Θ^., is usually defined as [9 10] 
* - (2kTR) 
where <p
stT is the energy of the strongest bond in the crystal lattice and Тц is the thermal 
roughening temperature 
The generalised bond energy o, of the zth bond of the crystal graph is defined as 
ο. = ο·
ι
'-
1
2(ο;· + όί') 
where φ1/, о" and o[s are the negative bond energies between a solid-liquid, solid-solid 
and fluid-fluid unit cell respectively The o" bonds (referenced to vacuum) can be calcu 
lat ed in principle Since the o, and o{ bond energies are not known the bond energies 
o, cannot be calculated However by introducing the so called proportionality approxi­
mation which implies 
O, Oj ok = о\' о"/ of 
at least the ratio of bond energies can be calculated This makes that the so called \ac-
uum morphology (referenced to vacuum) more equal to the fluid morphology which takes 
into account the motherphase [10. 12] But it has to be noted that due to the layered 
structure of the growth units in front of the crystal face in this particular case 0 s ' could 
be considerably larger and the proportionality relation cannot be applied This would 
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Figure 4.3 The surface structure of the (200) and the (311) face of t-caprolactam in both 
top and side view. 
{200} top view {31Γ} top view 
% % % & $ & % & % & 
« A / & ï # ( #.i & 
%¿%¿%¿ > VW ¿ ¿ ¿ {311} side view 
{2(Ю} side view 
decrease the overall bond energy at the interface and hence lower the roughening temper­
ature of, amongst others, the {311} form. As a result, the roughening temperature of the 
{311} form might be close to the growth temperature, causing roughened growth. This 
will not happen to the {200} form although this form, from a molecular point of view, is 
also relatively flat. The {200} form is the strongest face, a form with a very large dhu 
and a very high roughening temperature. Even a lowering of the roughening temperature 
of several hundred degrees due to this effect will not be enough to reach Тц. 
The large {110} forms on e-caprolactam crystals grown from aromates remain as the last 
item for discussion. Again, layering of the solvent in front of the crystal layer could be 
the answer [33, 50]. Aromates have a very flat molecular structure and could easily form 
layers in front of the crystal face. In this way the aromates could retard the {110} face 
due to this layering. As this can also happen with the other faces present there has to be a 
second effect. A closer look at the structure of the main faces of e-caprolactam might give 
an answer. The most apparent distinction between these faces is the difference in flatness 
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Figure 4.4 The surface structure of the (110/ and the (ill) ¡ace of t-caprolactam m both 
top and side view. 
¡ | ( | [ I I I | I 4 V W ( 1 1 1 } lop v iew 
^JifoZ&qib ++ 0 ** <> ** 
! I НИ , j i t ' Ml. л І І Ч | Mik Ч Я 
and the different orientation of the hydrogen bridges. These bridges are relatively close 
to the crystal surface in the {110} face, making this face relatively more polar. Thus, the 
--orbitals present in aromates could stabilize the slightly polar {110} form because of the 
"bonds" between the π-orbitals and the {110} form. These extra "bonds" increase the 
effective o,'s. hence, the roughening temperature will be increased, in this wav making the 
{110} form a more important form. Of course, another possibility could be the blocking 
effect of the layering in front of the {110} form. The aromates have to diffuse away from 
the {110} form before growth can proceed. This kinetic barrier will raise the AG' (the 
Gibbs free energy difference between the melt and crystal phase), thereby decreasing the 
effective supersaturation at the interface. 
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4.6 Conclusions 
The relative sizes of the different faces can be influenced by several parameters, of which 
at least two are relevant to the growth of e-caprolactam crystals 
• The nature of the growth units, either monomers or dimers 
• Interaction of the solvent with the crystal faces, orientation specific interaction 
The equilibrium morphology of e-caprolactam can be predicted when the growth unit 
is known Using the results from the PBC analysis (both for monomer and dimer) the 
most likely faces are known The results of the PBC analysis were confirmed by sphere 
experiments In these experiments the strongest F-forms were found 
In the case of t-caprolactam we showed it is possible to deduce whether growth occurs via 
monomers or dimers from the presence or absence of the {110} form Usually this form 
will occur when crystal growth proceeds with monomer growth units 
Even though there are a lot of different factors influencing the monomer - dimer equi-
librium, our results show that growth mainly proceeds with monomers Onh in very 
apolar solvents like alkanes dimers are more stable than monomers and crystal growth 
will proceed with dimers 
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Chapter 5 
In-situ surface topography of the (200) face of 
e-caprolactam growing from the vapour phase 
E.P.G. van den Berg. A.J.R. Sweegers, 
M.A. Yerheijen and YY.J.P. van Enckevort 
Abstract 
On the (200) ¡ace of e-caprolactam growing from the vapour phase several growth phenom-
ena were observed in-situ. single spirals, multiple spirals, spirals growing with monomolec-
ular steps, Vapor-Liquid-S olid (VLS) growth and two-dimensional nucleation. 
From growth observations and growth rates the relative importance of the volume, sur-
face diffusion and step integration as the rate determining step of the growth process are 
elaborated. 
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5.1 Introduction 
It is well known that with optical microscopy very low steps can be observed on crystal 
surfaces This was already done for growth from solution where steps with a height of 
one unit cell were revealed ex-situ and in-situ ( [121] and references therein) As a model 
system for in-situ topography by optical microscopy however, crystal growth from the 
\apour phase has several advantages as compared to growth from the melt or solution 
First in the solvent or melt several types of contamination can be present which makes 
interpretation of the crystal growth phenomena very difficult for most systems Another 
advantage is that for growth from the vapour phase no fluid is present which causes 
optical disturbances Finally for dielectric crystals the reflectivity of a gas-solid system 
is several times higher than that of a liquid-solid system This allows the use of an 
optical reflection microscope, with its inherent higher sensitivity to height differences 
than a transmission microscope From the above it follows that an in-situ investigation 
of step growth phenomena is much easier for growth from the vapour than for growth 
from the melt or a solution Therefore, it is quite surprising that in-situ studies of crystal 
growth from the \apour phase are scarcelv done [6 38] In this study the (200) face of 
£-caprolactam has been investigated by in-situ optical microscopy to unravel its growth 
mechanisms 
5.2 Experimental 
The vapour growth experiments are carried out in a growth cell that allows for in-situ 
observation bv optical microscopy (see figure 5 1) Both the outer wall and the cold 
finger are made of copper and are temperature controlled by thermostats Depending 
on the temperature of the water flowing through the copper block and the cold finger a 
certain temperature gradient will develop The growing crvstal surfaces can be observed 
with an optical reflection microscope through a small double glazed window to avoid 
encrustation 
In order to saturate the cell with vapour a larger amount of e-caprolactam powder (puritv 
99 950 was put on the bottom of the cell after which the cell was flushed with nitrogen 
foi several hours This excess of powder provides the necessarv supersaturation for crvstal 
^ovvili The seed is placed on Юр of the cold finger Due to the applied tompeiaturo 
gtadicnl a net flux of f-caprolac lain tovvaids the seed civstal is created resulting in 
gì ovvili of the seed The applied tempeiature difference between the cold finger (-Г>±1°С ) 
and the copper block (55±1°C) is kept at 10°C' for all experiments The seed crvstals used 
in the experiments are usually grown from an acetonitnle solution Very often the surface 
of the as-grown seed crystals is not perfect Therefore, the crystals are cleaved parallel to 
the (200) surface to be investigated In this way a clean crystal surface is obtained The 
resulting crystal size at the start of the growth experiment is about 5x5x2 mm 3 
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All the growth experiments are monitored with a CCD camera, followed by on-line 
contrast enhancement and differentiation using analog image processing and are subse­
quently recorded on video These recordings could be analyzed and improved with the aid 
of digital image processing The microscope used was a reflection differential interference 
contrast microscope of the Nomarsky type [13. 96] 
5.3 Step growth 
The growth of the (200) face and the recording of the growth phenomena started imme­
diately after the £-caprolactam seed was mounted in the vapour cell. During the present 
in:situ studies of the growing (200) faces of the e-caprolactam crystals, the main attention 
was focused to the properties and the sources of the growth steps on the surfaces It was 
found that steps may originate from a large number of different step sources. At the start 
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of the growth experiments also cleavage patterns were observed These cleavage patterns 
which are also step sources, disappeared slowly 
5.3.1 Step sources 
Several different step sources have been observed 
• Dislocations 
• Droplets (elaborated in paragraph 5 4 ) 
• Other defects 
• Contact nucleation 
• Two-dimensional nuclei 
The various cases will be evaluated below 
5.3.1.1 Dis locat ions 
At the point where an isolated dislocation reaches the surface often a single spiral devel­
ops If two or more dislocations are involved other spiral forms, such as multiple spirals 
and Frank-Read type spirals may occur In our studies many spiral patterns have been 
observed In figure 5 2 single, double and triple spirals are shown A few times also spirals 
with probably monomolecular steps were observed An example is shown in figure 5 3 
The step height was about 1 nm as estimated from the contrast 
Sometimes a dislocation (or better the result of this dislocation, the spiral) was buried 
due to the overgrowth by another step Lsualh after a short time a new spiral developed 
at the same location indicating that the dislocation is still present This is explained by 
the fact that dislocations cannot end inside the crystal [72] except at e g an inclusion 
In order to estimate the dislocation density of the e-caprolactam crystals, etch pit mea­
surements were performed on the different crystal faces These etch pit experiments start 
with the cleavage of the crystal parallel to the face to be investigated This freshly cleaved 
surface is dipped in cyclohexane for about 15 -30 seconds t-Caprolactam dissolves \er\ 
slovvh in rjololiexane The areas wheie dislocations distort the crvstal lattice have highei 
dissolution rates As a result at these sites el с h pits are formed To avoid contamination 
b\ moist air the f-caprolactain ciystals are pui m a small glass box-which is coiilinuousK 
flushed with nitrogen- after etching, and subsequenth the crystals are observed with the 
microscope The etch experiments showed that the pit density was independent of the 
crystal face, the amount of impurity present in the growth medium and the growth rate 
by which the crystals were grown The number of etch pits per unit surface area was 10-
100 times higher than the amount of spirals found Competition between growing spirals 
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Figure 5.2 Single, double and triple spirals on the (200) face of e-caprolactam 
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Figure 5.3 Spiral with monomolecular steps. 
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and a large number of edge dislocations, (which in principle cannot act as a step source) 
explains this large difference. 
In-situ surface topography of the (200) face of e-caprolactam 77 
5.3.1.2 Droplets 
The effect of water and water droplets on the growth of the (200) crystal surface of 
6-caprolactam will be explained in paragraph 5.4. Via the mechanism of the so-called 
VLS (Vapour Liquid Solid) growth, both stationary and moving droplets are capable of 
generating growth steps. 
5.3.1.3 Other defects 
Defects, such as low angle grain boundaries, inclusions and lattice mismatch errors due 
to the "healing" of inclusions, offer good starting points for steps. In micrograph 5.4 two 
of such defects can be detected. One of them is active and at both ends spirals can be 
observed. The other one is also active, but since the steps around this region are "blurred" 
the situation is less clear. 
Figure 5.4 Defects on the (200) face of t-caprolactam acting as step sources. 
5.3.1.4 Contact nucleation 
Contact nucleation occurs where two different crystals contact. At this spot steps on 
the surface of one or both crystals are generated because of enhanced two-dimensional 
nucleation. Two different possibilities for contact nucleation have been observed. In the 
first case, a small crystal fragment on top of a large crystal surface acts as a source of 
steps as shown in figure 5.5. In the second case, contact nucleation takes place where a 
macrostep overhang contacts the surface, as shown in figure 5.6. 
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Figure 5.5 Contact nucleation: a small crystal on the (200) surface acts as a step source. 
Figure 5.6 Contact nucleation: a higher part of the surface contacts with the lower part 
of the surface. 
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5.3.1.5 Two-dimensional nuclei 
Probably all two-dimensional nucleation growth that was observed during the present 
in-situ study, is due to VLS growth (figure 5.14) and is discussed in paragraph 5.4.3. 
Figure 5.7 Two-dimensional nucleation 
5.3.2 Properties of steps 
The steps observed on the (200) surface of e-caprolactam varied in height, shape and 
advancement velocity. Monomolecular steps of ~ 1 nm (= ^·α [128]) and large macrosteps 
of > 100 nm were observed. The advancement rate of the macrosteps was substantially 
smaller. Whereas the propagation rate of macrosteps was ~ 5-10~9 m/s, the growth 
rate of the lower steps was ~ 5-10-7 m/s and that of monomolecular steps ~ 1-10-6 m/s. 
Fluctuations in the velocity of steps up to 100%. within a short period were observed while 
no obvious cause for these changes was introduced or monitored. No cracks, irregularities 
or other steps were visible when these fluctuations occurred, so the actual cause has to 
be a fluctuation in supersaturation on top of the crystal surface due to concentration, 
temperature gradients or free convection in the cell. 
As a result of volume diffusion a small difference in supersaturation between the edge 
and the centre of the crystal is always present, but this cannot explain these large fluc­
tuations. This is caused by the fact that the advancement rates of steps on the edge 
and centre of the crystal were, for the major part, equal although a slightly higher step 
velocity near the edge of the crystal was measured for some growth spirals. 
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Figure 5.8 Pinning points. 
In nearly all cases the steps emitted from an isolated, distinct source were circular. Steps 
emitted from complex, extended sources were usually rounded off. This indicates that 
the step advancement velocity on the (200) face is independent of the crystallographic 
direction. In some cases bunching or local retardation by pinning points changed the 
shape of the step pattern as shown in figures 5.8 and 5.9. In the case of adjacent pinning 
points the height of the steps decreased after passage of the stopping centres, leading to 
the formation of fjord like structures of cusped steps. 
5.4 Vapour-Liquid-Solid growth 
VLS or Vapour-Liquid-Solid growth is a well known phenomenon on crystal surfaces [14]. 
Wagner and Ellis [123] were the first to describe the VLS crystal growth mechanism, 
which takes place in two steps. First, the growth units from the gas phase dissolve into 
a fluid (layer) on top of the crystal surface. Secondi}', the fluid becomes supersaturated 
and enhanced growth via two-dimensional nucleation occurs. The activation barrier for 
two dimensional nucleation, which is proportional to the squared value of the edge free 
energy, will be smaller for growth from the solvent than for growth from the gas phase. 
Thus, growth of the surface covered by the liquid proceeds faster. This reduction in edge 
free energy is due to the wetting of the surface by the liquid phase. 
During the experiments two types of VLS growth were observed: VLS growth from a 
stagnant or moving liquid droplet and VLS growth from a thin liquid film on top of the 
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Figure 5.9 The development of "fjords" due to pinning points. 
crystal surface. These phenomena will be elaborated further in this section. 
One of the most important questions arising during the experiments was: the identity 
of the fluid on top of the surface. There are two main candidates: the solvent from 
which the seeds were grown and the main contaminant of e-caprolactam, water. The seed 
crystals were grown from a number of solvents (usually acetonitril) but the amount of 
solvent found in these crystals was always less than 10 ppm [117]. On the other hand, 
these crystals all contained approximately 0.12% of water. As the total volume of liquid 
present on the surfaces implies a much larger quantity than that can be obtained by 
acetonitril which is in the ppm range, the fluid is most probably water. Furthermore, the 
addition of small amounts of water vapour to the growth system gave a large increase in 
the number of droplets. 
5.4.1 VLS growth in a stagnant water droplet 
\ 'LS growth from a large water droplet occurs in the following way. A large water droplet, 
(diameter » 150/zm, see figure 5.10). supersaturated with e-caprolactam. moves on top of 
the (200) face until it is stopped or blocked by a crack, step or other small irregularity. 
Next, a small crystal develops in the droplet (figure 5.10). This crystal acts as a step 
source and steps are emitted from the crystal surface within the droplet. When a step 
reaches the periphery of the droplet it will deform the droplet. The step has to overcome 
a surface tension barrier before it can grow further: a small deformation of the droplet 
occurs, but when the deformation becomes too large the droplet will contract again and 
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the step emerges from the droplet. This step continues to grow via a VLS mechanism 
if a small amount of liquid is present in front of the step or via ordinary vapour-solid 
growth. This cycle is repeated continuously as was observed during the in-situ studies 
and manifests itself by the high step density around the droplet. Step nucleation from a 
liquid droplet on top of a surface has been reported earlier for ice [78] and СиІпЭг [14]. 
Figure 5.10 VLS growth: Steps emerging out of a large water droplet on the (200) ¡ace. 
A small crystal is present inside the water droplet. This is shown on the small 
photograph in the left corner. 
5.4.2 Moving droplets 
Apart from immobile water droplets, also moving droplets were observed as a source of 
VLS growth. These observations were made after extra water was added to the system 
in order to confirm our assumptions that the fluid on top of the crystal was water. In 
figure δ.11 the movement of a water droplet on the (200) surface is shown. The water 
droplet creates a thin surface layer of Ê-caprolactam which expands laterally as a step 
behind the droplet. 
The movement of these water droplets follows a temperature gradient on top of the 
crystal and usually the droplets stop moving when a step or another irregularity is reached. 
In figure 5.12 and 5.13 a water droplet located on macrosteps can be seen. Upon en-
countering a macrostep, the droplets sometimes move along the ledge (figure 5.12). No 
displacement occurs if the droplets are situated at the centre of a spiral (figures 5.12 
and 5.13). which seems to be an energetically very favourable site. 
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Figure 5.11 The movement of a small water droplet (see arrow) on the (200) surface of 
an e-caprolactam crystal. 
5.4.3 VLS growth in a water film on top of the crystal surface 
Another type of VLS growth observed during the experiments is shown in figure 5.14. A 
thin water film covers locally the (200) surface of e-caprolactam (figure 5.14a). Inside this 
film the nucleation barrier to form a super-critical two-dimensional nucleus is less than at 
the vapour-solid interface. The small two-dimensional nuclei formed in this way expand 
and "islands" will develop (figure 5.14, frame b). While these "islands" grow, further 
nucleation will take place and continuously new small "islands" are generated on top of 
the previously formed "islands". The water layer on top of these "islands" quickly shrinks 
after the new island has expanded to a certain diameter. Probably some water is dragged 
along with the growing steps (figure 5.14, frame с and d). 
84 Chapter 5 
Figure 5.12 Small droplet (marked with an arrow) moving along macrostep 
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Figure 5.13 Small droplet in the centre of a growth spiral. 
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Figure 5.14 VLS growth: two-dimensional nucleation in a water layer on the (200) ¡асе. 
This VLS mechanism only operates at places where relatively large amounts of wa­
ter occur, because a thin water layer has to be present on top of the crystal surface. 
Without a sufficient amount of water present, growth will take place via an ordinary step 
growth mechanism, eventually nucleated from water droplets, as elaborated in chapter 
5.3. Figure 5.14d shows the generation of steps by two-dimensional nucleation in a liquid 
film and by spiral growth in an adjacent region. Of course, a thin water layer can also 
occur in the spiral case but here water is not necessary for the generation of new layers. 
Although both growth mechanisms may occur simultaneously, the thin film VLS mecha­
nism was only encountered at the first observation day. Due to the continuous nitrogen 
flow the ensueing days, the amount of water in the system diminished and this kind of 
VLS growth was no longer observed. The thickness of the water layer is several nm's as 
estimated from the differential interference contrast microscope image contrast. This is 
in agreement with the measurements done by Wong [43] et al. By using glancing angle 
X-ray diffraction they measured the presence of a few molecular layers of water on top 
of the (200) face of f-caprolactam tinder conditions where surface melting was expected 
from previous measurements on the same face [25]. 
In this section on VLS growth we discussed an enhanced growth rate in comparison to 
the growth rates in the case of "normal" step growth. However, because the step velocity 
is strongly dependent on step height, direct comparison of step advancement rates is not 
possible without accurate information on the step height. Still, it is possible to conclude 
that VLS growth results in an enhanced growth rate, as VLS features "survive" all other 
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features that is we never observed a growth spiral or any other step source overruling a 
YLS step train 
5.5 Rate limiting step 
Crystal growth occurs in three steps 1) volume diffusion of the growth units from the 
vapour towards the crystal surface n) surface diffusion of the growth units towards a-
kink position at a step and in) kink integration ι e incorporation of the growth units at 
the steps In the next section the in situ observations and growth rate experiments will 
be combined in order to evaluate the rate determining step 
5.5.1 Volume diffusion 
A way to determine the effect of volume diffusion is to compare the actual growth rate of 
the crystal with the maximal amount of crystal mass that can be transported bv volume 
diffusion A relatively easy and accurate way to determine the growth rate is the weight 
increase of the crystal The growth rate as estimated from to measure the weight increase 
was 1 10~8g/s according to Ficks law 4 5 10_ 8g/s should be transported to the crvstal " 
If some convection occurs either due to free convection or to forced convection induced 
by the -very small- nitrogen flux the amount of material transported will be considerably 
higher This suggests that the growth is not governed by volume diffusion The amsotropv 
of the crystal shape its uniform thickness and the absence of an increased growth rate at 
the crystal edges, seem to confirm this Lsually the growth rate of steps near the edge 
was uniform However it should be mentioned that for a few spirals a higher step velocity 
was measured near the edge of the (200) crystal surface This observation indicates that 
volume diffusion has some influence on the growth process 
5.5.2 Surface diffusion 
•\n indication was found that surface diffusion is a rate determining step in the \apour 
growth of e-caprolactam crystals It was observed that the growth rate of macrosteps was 
~ 5 10~9 m/s the growth rate of low steps was ~ 5 10^7 m/s and of monomolocular steps 
~ 1 10~6 m/s Furthermore dunng some experiments the breaking up of maciosteps 
into low steps was obsei\ed The advancement inte of those lower steps was an oidei of 
magnitude higher than that of the macrosleps 1 hese obsri val ions nielliate lli.it smlaie 
diffusion is the late determining step because in this case the enhancement rate of steps 
"The estimation of the flux of f-caprolactam in the vapour growth cell using Ficks law was performed 
as follows First the diffusion coefficient for c-caprolactam in the vapour phase was calculated using two 
assumptions The ratio of the ( caprolactam and nitrogen concentration in the vapour phase is 1 1 and 
the mean distance between two particles in contact with each other is the sum of the radii of e caprolactam 
and nitrogen molecules SecondK the flux was calculated assuming that the concentration gradient is 
cylindrical and constant in time 
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is roughly inversely proportional to the step height + 
The surface diffusion length A
s
 can be estimated from bunching of steps If two steps 
approach each other within their diffusion fields, their advancement rate is reduced and 
steps coming from behind will collide and pile up Bunching effects were not observed 
during the experiments indicating that there was no interaction between diffusion fields 
of adjacent steps Therefore, 2XS must be equal or less than the resolution of the optical 
microscope used for the in situ observations (4дт) Another indication for surface diffu­
sion is that VLS growth results in an enhanced growth rate, as VLS features overgrow all 
other features 
5.5.3 Kink integration at steps 
For Kossel type crystals it was demonstrated that if kink integration is the rate deter­
mining step, the shapes of the growth hillocks and spirals are polygonized or rounded off 
depending on the energy to form a kink [121 130] An indicator for this is *T, where 
О = the energy to form a kink If °T is small the steps will be rounded and if ~ is 
large polygonized step shapes will appear The transition from rounded to polygonized 
patterns was calculated to be ^, « 1 8 [121, 130] For e-caprolactam this factor is 4 6 
', indicating that spirals and steps should be facetted During the experiments facetted 
steps were never observed Therefore kink integration will not be the rate determining 
step It should be mentioned however that the shape of the steps could be caused by a 
wetting effect of a strip of water at the edges of the steps, leading to a lowering of ¡¡^ 
For a lowering of *T below и 18 kink integration can be the rate determining step 
5.6 Conclusions 
Several crystal growth mechanisms are active on the (200) surface of e-caprolactam crys­
tals growing from the vapour phase Spiral growth two dimensional nucleation contact 
nucleation and V LS growth were observed Often several growth mechanisms were active 
simultaneously Monomolecular and higher steps were observed The step height of the 
lowest ones was ss 1 nm (= \ a) 
It is quite difficult to decide whether growth of e caprolactam crystals from the vapour 
phase is determined b\ volume diffusion or surface diffusion The results presented here 
indicate that surface diffusion probabh pla\s a dominant role in the giowth process Still 
some observations indicate that volume diffusion can not be completelv disregaicled in the 
growth process 
following Chernov s model [26 27j for step propagation limited by volume diffusion a similar de 
pendence of step velocity on step height exists Therefore, this criteria can only be used to rule out step 
integration as a rate limiting step, but not volume diffusion 
'The value of *T for e-caprolactam was calculated using a Periodic Bond Chain analysis [117] 
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Chapter 6 
The effect of dust particles on the growth mechanism 
of some organic crystals 
E.P.G. van den Berg, X.-Y. Liu, 
A.R.A. Zauner and P. Bennema 
Abstract 
An increase of the growth rate of naphthalene crystals from the melt was observed when 
a dust particle contacted the (110) face. The dust particle causes local kinetic roughening 
at a faceted (110) face. The mechanism, which is attributed to the reduction of the two-
dimensional nucleahon barrier due to the contact of the dust particle, can be understood 
within the framework of an inhomogeneous two-dimensional nucleahon model To our 
knowledge, this unusual phenomenon is observed and interpreted for the first time. 
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6.1 Introduction 
6.1.1 Theory 
Lsually crystals are bounded by facets This implies that facets are growing below their 
roughening temperature A model which can predict the roughening temperature of a 
facet is the integrated Hartman Perdok theory and roughening transition theory [62] A 
face (hkl) which is parallel to a so called connected net shows a roughening transition TR 
This implies that when 
Τ <TR -)>0 and if Τ > TR, -, = 0 
So the edge free energy -, vanishes at a certain temperature TR Now for Τ < TR the 
growth of the crystal face will proceed with a layer growth mechanism Two layer growth 
mechanisms can be distinguished (ι) spiral growth and (n) two-dimensional (2D) nu-
cleation growth At small supersaturations according to the Burton-Cabrera-Frank (or 
BCF) theory [9 22 24] a dislocation is necessary to create a step at the surface Without 
a dislocation a step source is not available because the chance of the development of a 
step due to statistical fluctuations is \er\ small [40] The other well known growth model 
the 2D Birth and Spread model can also occur on dislocation free surfaces but onl) at 
elevated supersaturation (for normal experimental circumstances dislocation free surfaces 
will be improbable ) Another growth model the rough or continuous growth occurs if 
the faces are growing above their roughening temperature (T > TR) These different 
growth mechanisms will occur depending on the interface properties of the facets 
Apart from thermal roughening kinetic roughening mav occur at temperatures below TR 
When the driving force for crystallization Δμ is raised and reaches a critical value Αματ 
the radius of the critical nucleus will become equal to the size of one growth unit and the 
face will roughen kineticalh 
When the experimental temperature is approaching the kinetic roughening temperature 
the 2D nucleation mechanism will become more and more important even on dislocation 
rich surfaces since the size of the critical nucleus becomes smaller 
In this paper naphthalene crystals were in\estigated Naphthalene crystallizes in the 
space group P2\/a with two molecules pei unit cell The cell dimensions are a = 9 253 A 
b = 6 003 A r = 9 632 A and J = 123° [30] 1 ho Ь faces found m the PBC (periodic bond 
cliain) analysis [73] aie m order of importance (001) (110) (201) (111) and (200) The 
experimental!} found morphologv agrees quite well with the faces predicted b\ the PBC 
analysis Naphthalene crystals grown from the melt are bounded b> (001) and (110) faces 
Sometimes also roughened (201) faces are observed Lnder normal experimental circum­
stances the (110) face will always grow below its roughening temperature and remain 
faceted But it will be shown below that dust particles influence the growth mechanisms 
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of the (110) face and can cause triggering of the transition of a faceted to rough growth. 
This roughening may be called particle induced roughening. 
Figure 6.1 The influence of a dust particle on the growth of naphthalene crystals. 
6.2 Observations 
During experiments in which the growth of a naphthalene (110) faceted face was observed 
in the observation cell (figure 1.5), the growth of this facet was distorted due to the 
influence of small dust particles (size « 10-45 μτα). These experiments were performed at 
much larger driving force conditions than the experiments described in chapter 2 of this 
thesis. Whereas in chapter 2 the growth rate of facets was measured, here the growth rate 
of dendrites was investigated. In figure 6.1 the influence of a dust particle on the growth 
of the (110) facet is shown at different stages of the growing crystal. 
There are two essential phenomena: 
i) the formation of a trunk and ii) the burying of the dust particle. 
Usually the dust particle is embedded into the crystal and the crystal face is temporarily 
distorted. The facet will become flat again and no further influence of the particle can 
be observed. The first frames show that the faceted (110) face of naphthalene becomes 
convex behind the dust particle (frame b and c). Frames d-f show the formation of a 
"trunk''. The dust particle is pushed forward in front of the growing interface while 
keeping some contact with this front. The contacted area becomes severely distorted and 
the observed growth rate of the distorted part is at least a factor of 2 to 6 larger than 
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normal (figure 6 2) No faceting can be observed and the growth is completely roughened 
The last three frames (g-i) show the embedding of the particle in the crystal after which 
the ' 'trunk like" growth form becomes faceted again. 
Figure 6.2 Comparison of undistorted and distorted growth rates of the (110) ¡ace and 
dendrites of naphthalene 
' V(UÜ) A V(l 10) undistorted 
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For a few measurements the results of the measured growth rates of the "dust induced'' 
and the normal crystal growth of the (110) face are given in table 6.1 and figure 6 2. 
Table 6.1 Growth rate of the (110) ¡ace comparison between the growth rate of the ¡aceted 
and distorted (110) ¡ace 
AT 
(in "С) 
0.30 
0.52 
0.58 
0.58 
0.68 
Vfaat 
(in μτη/s) 
13 
45 
59 
59 
53 
Vdlëtorted 
(in μτη/s) 
68 
115 
113 
122 
130 
92 Chapter 6 
Figure 6.3 Comparison between 2D homogeneous and 2D heterogeneous nucleation. 
0
 Spiral growth 
• Homogeneous 2D nucleation 
• Heterogeneous 2D nucleation 
0.14 
supersaturation(%) 
6.3 Interpretation 
6.3.1 Heterogeneous 2D nucleation 
6.3.1.1 Theory 
According to a 2D heterogeneous nucleation model developed recently [131], the free 
energy barrier for the formation of a critical 2D embryo in the presence of a foreign 
particle (see figure 6.4) can be expressed as: 
AG' = AG-hornof(m,x) 
AGI 
Ç}~ï2fnh 
(6.1) 
(6.2) 
where AG"hnrno denotes the free energy barrier for the 2D homogeneous nucleation. 
Here ÍK cf ~ ibc ƒ 
and 
Αμ kTa' 
1 . . ( i m - 1 ) . , Αχ — τη) f (τη, χ) = - {arceos -•· + (χ — 2xm) arccos[ 
π W W 
(6.3) 
(1 — хтп)[иі2 — (1 - i m ) 2 ] 2 (χ — m)\w2 — (χ — τη)2}2 
ιν' 
} (6.4) 
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with 
IL = (1 + z 2 - 2 x m ) 2 (6 5) 
and 
Rs RsAß RskT\n(l + a) 
x =
 ~T = Ti = о ( 6 6 > 
Here Δμ = μ! - цс (μ1 and μ€ are the chemical potential of crystal units and solute 
units respectivel) ) 7
υ
 is the step free energy of the edge between phases ι and j h is the 
height of steps Ω is the volume per structural unit R" is the radius of the dust particle 
and 
m = cosfl = ~ s c ~ 0 s / (67) 
The reduction factor f(m x) ranges from 0 to 1 [131] In the case of dust free 
nucleation (or homogeneous nucleation) f{m x) = 1 It follows from our calculations 
that at a given supersaturation with increasing the size of the dust particles or decrease 
of the contact angle (Rs -> oc or m —> 1) f (πι χ) —> 0 This implies that in case that the 
size of the dust particles is sufficienti} large and the wetting between the particles and the 
crvstals is \er\ good (m -> 1) f(m x) can be ver\ small In other words dust particles 
can substantialh lower the actual nucleation barrier AG' from AG'horno As indicated in 
the beginning a flat m s t a l surface mav roughen kinetically if the supersaturation σ is 
larger than a certain critical \alue σ" According to Elwenspoek et al [36] and Liu et 
al [88] kinetic roughening for a flat crystal surface of a simple structural system will occur 
in case 
AG' < kT (6 8) 
Vccording to equation 6 1 and 6 2 one can easih arrive at 
σ' =
 cf
 9 f(x,m) (6 9) 
It follows that σ" will be reduced by the contact of foreign particles In other words 
Kinetic roughening can easih occur at the contact surface especially when m is verv 
close to 1 and Rs is large 
6.3.1.2 Explanation of the observed growth phenomenon 
In hguie 6 1 the development of the induced toughening can be observed In fíame 
а с tho (110) interface becomes convex behind the particle and the dust particle will 
contact the slightlv distorted (110) face Then a trunk develops (frame d-g) and the 
growth is enhanced b} a factor of 2-6 after which the particle is embedded (frame h ι) 
The development of the trunk is the result of a 2D heterogeneous nucleation growth 
mechanism The dust particle lowers the 2D heterogeneous nucleation barrier 
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Figure 6.4 Schematic illustration of the 2D heterogeneous nucleation Embryo ' с on 
nucleating particle 's' in mother phase 'f 
In case of the growth of naphthalene crystals the thickness of the crystals is relatively 
small and the experimental temperature maj be very close to the roughening temperature 
It follows that the growth is mainly determined by 2D nucleation Let us focus our 
attention on the 2D nucleation mechanism It follows from equation 6 9 that in case 
of 2D heterogeneous nucleation the supersaturation necessan for roughening to occur is 
decreased as f(m x) is reduced 
Let us estimate f(m,x) for naphthalene crystals grown from the melt At relativelv low 
supersaturations (AT ~ 0 3°C) effective dust particles have an average diameter of « 45 
μπ\ Roughlv speaking the critical radius of nuclei is about 0 5 μηι under this growth 
condition This implies that ι ~ 100 (eq 6 6) assuming that m ~ 0 9 for the dust 
paiticles and the m s t a l surface f(m j) ~ 0 019 This means thai due to the contati 
between dust particles and the civstal suifare the loe al 2D nucleation baiiiei is onh 2/ of 
the non contacted cr\stal This implies the occunence of kinetic louglienmg al a ielati\el\ 
small supersaturation and a relativeh large growth rate for the part of the en stal surface 
in contact with the dust particle Thus the growth rate due to 2D heterogeneous nucleation 
will be higher than that of 2D homogeneous nucleation implying that at relatively low 
supersaturations the dust particle induced growth will be faster than that of the original 
crystal face (figure 6 2) 
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6.3.2 Particle pushing and particle embedding 
6.3.2.1 Theory 
Uhlmann et al [112] were the first to investigate the influence of a particle in front of 
a solid liquid interface They observed a critical velocity below which the particles are 
rejected by the interface and above which they are trapped in the solid Potschke et 
al [100] developed a model which explained this behaviour Two forces are acting on the 
dust particle a rejecting force Kv/dWaa¡s and the viscous drag Κ
η
 pushing the particle 
towards the interface In the stationary case these opposing forces are in equilibrium 
and the particle is swept ahead of the interface Fresh melt (liquid) will flow into the 
particle-crystal gap and will crystallize But when the solidification velocity rises the 
viscous drag becomes larger and the particle can become trapped by the crystal when the 
flow of melt into the gap is insufficient They also found that the thermal conductivity of 
the particle influenced the shape of the interface The interface behind the particle will 
become convex when the conductivity of the particle is larger than that of the mother 
liquid and concave in the reversed case Several other investigations have been carried 
out on the problem of particle pushing [16, 28 29 51, 52 53, 54 55 79, 94 95, 98] and 
the factors influencing this process were unravelled These factors are amongst others 
• Particle size, density and roughness 
• Fluid flow (parallel away from or towards the interface) 
• Surface tension, thermodynamic effects 
• Interface shape 
6.3.2.2 Embedding of the dust particle 
The theory of Potschke et al [100] describes a part of the phenomenon First the in 
terface becomes convex behind the dust particle suggesting a larger conductivity of the 
dust particle (frame a-c) and secondly the embedding of the dust particle An unstable 
situation develops as the particle is pushed forward in front of the roughened interface 
Continuous heterogeneous nucleation in combination with the van der Waals force causes 
an increased velocitv of the dust particle Of course the viscous drag incieases as the 
solidification velocitv increases and the particle is pushed stiongei and stronger tow aids 
the interface When the velocity reaches a certain critical value the flow of melt into the 
particle crystal interface gap is not sufficient and the particle will be incorporated by the 
crystal As the source for 2D heterogeneous nucleation has disappeared, the growth mech 
anism will change again and the face will become faceted again Probably the increase 
in the viscous drag enlarges the contact area between the dust particle and the trunk 
developing from the (110) face thus prohibiting the majontv of interface sources for 2D 
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nucleation. The particle becomes embedded in the crystal and crystal growth proceeds 
with the faceted (110) face (frame h.i) The above described phenomenon is schematically 
shown in figure 6 δ 
Figure 6.5 A model ¡от 'induced" roughening 
I I 
ι 
1 
1) A dust particle approaches the interface and is pushed ahead of the interface, the 
interface behind the dust particle becomes slightly convex 
2) The dust particle stimulates 2D heterogeneous nucleation by lowering the 2D het­
erogeneous nucleation barrier 
3) Continuous heterogeneous nucleation "pushes' the dust particle forward in front of 
the interface The interface becomes roughened 
4) The particle is pushed against the interface because the van der Waals force becomes 
smaller than the viscous drag due to the increased crystallization rate The contact 
area between the panicle and crystal increases, not enough growth units can flow in the 
crystal-particle gap and the particle becomes embedded into the crystal The source for 
2D heterogeneous nucleation has disappeared and the interface becomes faceted again 
6.3.3 The importance of the roughening temperature 
Growth rate measurements were also performed on two other organic mixtures 
e-caprolactam - cyclohexanone and cyclohexane - benzene For both mixtures the above 
described phenomena were never observed Looking at the differences between the mix­
tures, the most striking difference is the roughening temperature of the facets In table 6 2 
calculated roughening temperatures for the three test systems are given 
The facets of f-caprolactam have a very high roughening temperature and v\ill always 
giov\ faceted Dust pai tides are pushed foiward in front of the interface and for high 
growth rates the particle will be incorporated into the crystal lattice (figure 6 6) almost 
without any distortion of the interface The facets of the t-caprolactam crystal are never 
severely distorted, only small distortions were observed which immediately grew out of the 
crystal On the contrary, cyclohexane will always grow with roughened faces Cyclohexane 
has a low melting enthalpy and the mobility of the molecules at their lattice sites is high 
making it a so-called plastic crystal [101] Dust particles never distorted the growth of 
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Figure 6.6 The influence of dust particles on the growth of e-caprolactam 
Table 6.2 Roughening temperatures of the faces of naphthalene, t-caprolactam and cy-
clohexane 
naphthalene" e-caprolactama cyclohexane6 
T
m
 353.4 T
m
 ~ 342.3 T
m
 279.7~ 
[ff* "525 ^
я
2 0 0 )
 897 T ¿ i n ) 109 ! 
Т
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1 1 0 )
 247 Г< 1 1 0 ) 746 Τ< 1 1 0 ) 68 
' Г
Д
2 0 І )
 i 216 I T R
n I )
 593 Τ ' 1 0 0 ' I 58 
T
m
 and TR are given in K. 
«[45] 
6
 These values are approximations. The cyclohexane molecules are relatively free 
to rotate within the crystal lattice [101]. So an average bond strength is used in 
the calculation of the roughening temperatures. 
a cyclohexane crystal. A dust particle in front of the interface was incorporated almost 
immediately without any visible distortion (figure 6.7). 
Also in a mixture of naphthalene and biphenyl (containing 0.1 - 10 mole% of biphenyl) 
the change in the growth mechanism was never observed. In these mixtures the dust 
particles were always pushed forward at small supersaturations and incorporated into the 
(110) face at higher driving force conditions, causing almost no distortion. So only in a 
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pure naphthalene melt the remarkable phenomenon of particle induced roughening was 
observed. This indicates that the mentioned phenomena probably only occurs on facets 
close to their roughening temperature (biphenyl will change the interface structure of 
the naphthalene crystal inducing a different surface tension and a different roughening 
temperature [119]). 
Figure 6.7 The influence of dust particles on the growth of cyclohexane. 
6.4 Conclusions 
Comparison between the observed phenomena and theory shows that a dust particle in 
contact with a rugged interface is necessary to induce the "particle induced roughening'". 
Probably, another necessary condition is that the crystallizing facet has to be close to its 
roughening temperature, otherwise no transition of growth mechanism is possible. 
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Chapter 7 
Observations on naphthalene crystals growing from 
the melt; the origin and development of dendrites 
E.P.G. van den Berg and A.R.A. Zauner 
Abstract 
Roughness of a facet can initiate dendritic growth For naphthalene crystals growing from 
the melt dendrites always develop from a rough (201) ¡ace The roughening temperature 
of the faces of naphthalene crystals seems to be dependent on the amount of impurity 
(biphenyl) in the melt Furthermore, incorporation of biphenyl m the (201) face causes 
the reappearance of this face on the crystal due to a retardation of the growth rate 
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7.1 Introduction 
Dendrites belong to the most beautiful and fascinating patterns observed during solidifi-
cation. Over the last 30 years our knowledge on the origin and the growth of dendrites has 
increased. Mullins and Sekerka [91. 92] started the theoretical work with their morpholog-
ical instability theory, which was followed by the marginal stability hypothesis of Langer 
and Mùller-Krumbhaar [76. 82. 84. 85, 86] and more recently the microscopic solvability 
theory [7, 8. 17, 74. 75, 76]. Here we report on the necessary morphological conditions 
under which dendrites can develop, especially in the case of rough naphthalene crystal 
interfaces 
7.2 PBC theory 
The naphthalene structure has five F faces corresponding to the forms {001}. {110}. 
{201}. {111} and {100} as ordered for decreasing roughening temperatures. All are 
parallel to the five corresponding connected nets. For growth from the melt the {001} 
and {110} forms are growing below their roughening temperatures and the {201} form 
is growing above its roughening temperature The {111} and {100} forms are growing 
above their roughening temperatures and, therefore, do not show up (figure 7 1). 
7.2.1 The roughening transition 
The edge free energy 7 is a key parameter in the theory of the roughening transition. The 
edge free energy determines the size of a two-dimensional critical nucleus on the surface 
and thus will influence the growth mechanism. The edge free energy will vanish at the 
roughening temperature Тд of the crystal facet This implies that the energy barrier to 
form a nucleus of critical size on the crystal surface has disappeared. According to theory 
the dependence of the edge free energy on temperature is given by. [31 34, 35. 36. 47. 48] 
70exp 
T R (7 1) 
, T R - T , 
At and above TR. ~. = 0. and the crystal surface is rough When this facet is growing 
at a temperature below TR and below a critical value of the driving force it will be smooth 
When the d m mg force increases the facet will become lough again this is called kinetu 
roughening 
Geortman et al [45] calculated the roughening temperatures of naphthalene using the 
equivalent wetting condition and the occurrence of the different faces These calculated 
roughening temperatures are. Т
д
0 0 1 )
 = 525K, Тд = 247K and TR
 1
 = 216K. These 
calculated values agree quite well with our experimental observations Roughened (20Ï) 
faces at small supersaturations as well as induced kinetic roughening was observed at 
some higher undercooling on the (110) face [118] 
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Figure 7.1 The morphology of naphthalene crystals. 
Naphthalene crystals have the form of platelets with large (001) faces, the side faces 
are the (110) and the (20Ï) faces. Naphthalene crystallizes in the space group P2i/a 
with two molecules per unit cell. The cell dimensions are α = 9.253 A, b = 6.003 A, 
с = 8.653 A and 0 = 122°55'. 
Naphthalene crystals growing in the observation cell always crystallized with these two 
presented main morphologies. 
Left picture: faceted (001) and (110) faces. 
Right picture: faceted (001) and (110) faces and roughened (201) faces. 
7.3 Experimental setup 
The experiments started with a small, isolated seed crystal to exclude the possible effects 
of other crystals (observation cell method [114]). After applying the desired supersatura-
tion (the temperature control was better than 0.01°C), crystal growth was observed and 
recorded using a camera, mounted on a microscope, and a video recorder. In this way 
growth rates and other important phenomena could be analyzed and measured afterwards. 
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Figure 7.2 The formation of dendrites 
i) Facet instability 
i1) Sharp 
ι2) Blunl 
> - > 
и) Roughened (201) face 
(Ц0) 
(20І) 
(110) 
in) Breaking up of (he (110) tace 
(110) 
J 
Sharp (HO) 
i) Facet instability (figure 7.3): 
il) A dendrite develops out of a sharp corner of a naphthalene crystal. The "side faces'' 
of the dendrite remain faceted 
І2) A dendrite develops out of a "blunt corner". Side arms develop, although some 
faceting can be observed 
n) Roughened (20І) face (figure 7 4) 
A dendrite de\elops due to pert libations on the (201) probabh caused b\ thermal 
fluctuations 
in) Breaking up of the ( 110) face (figure 7 6) 
The dendrite develops out of the broken up (110) face due to the high supersaturation 
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7.4 Experimental results and discussion 
7.4.1 The formation of dendrites on naphthalene crystals 
Three mechanisms could be distinguished causing the development of dendrites on naph-
thalene crystals: 
• Facet instability 
• Roughened (20Ï) face 
• Breaking up of the (110) face 
Figure 7.3 Dendritic growth caused by facet instability 
In frame a-f clearly the slow transition from a faceted (110) face to a dendrite can be 
observed. Small growth steps can be observed in frame c-d. 
Facet instability, the first possibility (shown in figure 7.3), is caused by the crystal form. 
The fact that dendrites are formed at the corners of adjacent faces can be explained by 
differences between the crystal corner and the face centre with respect to: 
• Heat transport 
• Mass transport of impurities 
• Surface tension 
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Figure 7.4 Dendrites formed out of the (201) face 
Out of the roughened (201) face a dendrite develops near the (201)/(110) corner. 
At the other corner also a dendrite develops but this one disappears. 
Figure 7.5 The triangle of Sekerka 
Latent heat produced at the corners of a crystal can be transported more easily into the 
bulk than heat produced at the face centres. This favours dendritic growth at the corners, 
due to a higher supersaturation. The difference in supersaturation between the corner 
and the face centre will increase with crystal size. The difference in supersaturation can 
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be compensated by a variation in density of microscopic growth steps along the facet. As 
long as the variation is small, the facet will be macroscopically flat. When the crystal 
size increases, the difference between the corners and the face centres becomes thus large 
that a large difference in the microscopic step density is required; so much that a flat 
face can no longer exist. There is a loss of stability of faceted growth, facet instability, 
as is represented by one of the sides of the triangle of Sekerka [105] (figure 7.5). The 
difference in supersaturation for the sharp corner and the face centre is larger than that 
of the blunt corner (figure 7.2). The sharp side will therefore form dendrites induced by 
a facet instability more easily. 
Figure 7.6 Development of dendrites caused by the breaking up of the (110) face. 
A step like pattern develops on the distorted (110) face (frame a-b). The step is a small 
roughened (201) face out of which a dendrite develops (frame c-d). 
A thermal fluctation can cause a perturbation of the roughened (201) face. This per-
turbation starts growing and can form an instability, like tip splitting (figure 7.4). Most 
often such tips originate from the (20Ï) face near the (110)-(20Ï) corners instead of the 
face centre. This can be explained using the same reasoning as why dendrites develop at 
the sharp and blunt corners formed by two adjacent (110) faces. 
The third observed cause for the development of dendrites is the break up of the (110) 
faces, as can be seen in figure 7.6. Actually, the (110) facet breaks up due to the high 
supersaturation and a large macrostep-like structure develops. The macrostep is bounded 
by a roughened (201) face from which the dendrite develops. 
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Figure 7.7 "Sharp corner" and "blunt corner" dendrites. 
The first two pictures show a dendrite growing out of a sharp corner. For these dendrites 
the side branches appear faceted. The other pictures show a blunt corner dendrite. Now 
the side branches appear roughened. 
The "sharp corner dendrites" formed through facet instability, and dendrites formed 
out of a perturbed (201) face or a distorted (110) face, all have the same crystal orientation 
(perdendicular to the [20Ï] direction). No roughened side branches, as in succinonitril or 
cyclohexane [44, 49. 87. 93]. occur. This is because the enthalpy of fusion is much higher 
for naphthalene so not all faces wil be roughened. The sides of the "sharp corner dendrite" 
remain faceted, in contrast to the "blunt corner dendrites". The side branches correspond 
to the crystal direction in which dendrites can develop. For the "sharp corner dendrites" 
these side branches grow perpendicular to the [20Ï] direction whereas the "blunt corner 
dendrites" grow perpendicular to the [110] direction. The difference in morphology is 
shown in figure 7.7. The side branches appear faceted for the "sharp corner dendrites" 
(probably the (110) face) whereas they appear roughened for the "blunt corner dendrites" 
(probably the (20Ï) face). Due to the heat of crystallization or the diffusion field around 
the growing dendrite the supercooling AT' is smaller at the side branches than at the 
tip. This could cause faceting of the side faces of the "sharp corner dendrites". For both 
types of dendrites the tip is non-spherical, i.e. no radius of curvature can be attributed 
to the tip. For all naphthalene dendrites the shape of the tip remains the same indicating 
a linear dependence of the "side faces'' on the supersaturation. So, the side faces of the 
dendrites near the tip should be roughened. This could be possible when the anisotropy 
in the kinetic coefficient is large enough to stabilize these side faces. 
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Figure 7.8 Growth rate measurements on naphthalene dendrites 
η 0% biphenyl y = -62 + 1.5e+04x R= 0.92 
. 0.776% biphenyl y = -43 + 1.03e+04x R= 0.94 
• 14.8% biphenyl y = -9.2 + 3.7e+03x R= 0.998 
200i 
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7.4.2 Growth rate measurements 
Growth rate measurements on naphthalene dendrites show a large difference which is de­
pendent on the biphenyl concentration (figure 7 8). Usually, dendrite tips are roughened 
and the dependence on the supersaturation should be linear. Although naphthalene den­
drite tips show some faceting, especially in the relatively pure melts (pure and 0.776% 
biphenyl), the dependence on the supersaturation is still linear. The dendrites grown in 
the highly contaminated melt (14 8% biphenyl) look different. Relatively high amounts 
of biphenyl seem to suppress the sidebranching, causing the formation of a needle like 
structure of the dendrite 
In figure 7.9 a typical dendrite for the highly contaminated melt is shown. It may be 
assumed that the presence of biphenyl causes a change of the interfacial structure of the 
naphthalene dendrites A higher amount of biphenyl lowers the roughening temperature 
of the faces, causing the dendrites to be rounded off more 
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Figure 7.9 "Needle-like" dendrite. 
Typical "needle-like" dendrite grown from a melt with 14.8% of biphenyl. 
No side branching or facets show up, the dendrite appears completely roughened. 
7.5 The influence of biphenyl on the reappearance of the (20Ï) 
face 
Relatively high amounts of biphenyl in a naphthalene melt retards the growth rate of the 
naphthalene crystals. In front of the growing naphthalene crystal a biphenyl rich layer 
will develop as the impurity does not fit into the crystal lattice. This leads to an enhanced 
surface concentration of adsorbed biphenyl molecules, which again may lead to a larger 
integration barrier of the naphthalene molecule. Incorporation of the biphenyl into the 
naphthalene crystal will cause a different development of the crystal faces. These impu-
rities will influence the growth mechanism as interactions between the molecules in the 
crystal lattice will be distorted. As different crystal faces will have a different molecular 
structure this effect will be dependent on the crystal face. For roughened faces the in-
terfacial structure facilitates the incorporation of impurities. More sites for incorporation 
are available for a rough face compared to the sites available on a faceted face where 
growth usually occurs on a kink site. Therefore, more impurities will be incorporated by 
a roughened face. 
For naphthalene crystals growing from a melt containing 14.8 mole% biphenyl the reap-
pearance of the rough (201) face was observed. Usually a rough face is insensitive to 
incorporated impurities, but in this case the incorporation of biphenyl probably caused 
the reappearance of the (20Ï) face. 
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Figure 7.10 The influence of biphenyl on the crystal morphology. 
On the initial naphthalene crystal only (110) facets can be observed. The decrease in 
the growth rate (and the increase of the amount of biphenyl incorporated) causes the 
reappearance of the roughened (20Ï) face. 
In figure 7.10 this unexpected behaviour is shown. The first frame shows the mor-
phology at the start of the experiment. This morphology is similar to the morphology 
(figure 7.1) observed in other experiments. Due to the relatively high growth rate of the 
(201) face this face will grow out of the crystal shape (frame 2). However, in frame 3 the 
reappearance of the (201) face is shown, indicating a retarded growth rate of this face. 
A reasonable explanation for this behaviour is the influence of the amount of impurity 
incorporated into the different faces. As the (201) face is roughened, large amounts of 
impurity will be incorporated into this face. This in contrast to the (110) facet, which 
does not grow as a rough face and will have a relatively high integration barrier for the im-
purity molecules. Furthermore, biphenyl molecules are larger than naphthalene molecules 
and a severe distortion of the lattice is to be expected when large amounts of biphenyl 
are incorporated. Probably this will reduce the growth rate of the (201) face causing its 
reappearance. 
Tests in an industrial crystallizer [39] showed high crystal purities for naphthalene crys-
tals grown from a melt containing 50% biphenyl. There is one important difference in 
the experimental circumstances. Whereas in our design the melt is always stagnant, in 
a Mixed Suspension Mixed Product Removal (MSMPR) apparatus the melt is stirred. 
Therefore, no biphenyl rich layer in front of the naphthalene crystal will be built up and 
relatively pure crystals can be grown even at these high impurity concentrations. 
Observations on naphthalene crystals growing from the melt 111 
7.6 Conclusions 
The (20Ï) face can cause dendritic growth on naphthalene crystals in three different ways 
• Perturbations on the (20Ï) face develop into a dendrite 
• The "sharp corner" of two adjacent (110) faces develops into a dendrite (usually the 
(20Ï) face is growing at this corner) 
• The (110) face beaks up and small roughened (20Ï) faces appear inducing dendritic 
growth 
Naphthalene dendrites are not completely roughened dendrites, there is still some 
faceting due to the (110) side faces growing as a flat face below their roughening temper-
atures At higher impurity concentrations the dendrites become increasingly roughened 
Probably the biphenyl lowers the roughening temperature of the crystal faces of naphtha-
lene 
The incorporation of large amounts of biphenyl can cause the reappearance of the rough-
ened (20Ï) face, because of the large distortions of the crystal lattice when relamelv large 
biphenyl molecules are incorporated Therefore the growth rate of the roughened (201) 
face is reduced considerably 
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Chapter 8 
The Radial and Linear Temperature Gradient Cell 
E.P.G. van den Berg. R.M. Geertman. A.R.A. Zauner, 
J.W.M. van Kessel. Α. Anijs. M.J. Kaptein, 
H.M. Verscharen. НЛ . van Brakel. A. Groenen. 
J.A.M, van Huet. P.A.S. van Dijk and A. Telkamp 
Abstract 
The radial temperature gradient cell is an excellent tool to perform temperature sensitive 
measurements. The temperature stability and the stability of the temperature gradient 
are better than 0.02° С for several days This temperature stability made it possible to 
determine the surface energy of the solid-liquid interface of cyclohexane. 
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8.1 Introduction 
During the last decades the demand for ultrapure chemicals has risen enormously These 
ultrapure chemicals are needed when the manufacturing of a substance is very sensi­
tive to low impurity concentrations (e g nylon 6) or when the endproduct has to be 
very pure (farmaceutics) Because of its usually large purification efficiency, crystalliza­
tion can be a good alternative for ultrapurification In industry a technically full proof 
method of crystallization is the layer growth crystallization ', whereas the technical merits 
of the MSMPR (Mixed Suspension Mixed Product Removal) method have been demon 
strated [39] Numerous investigations have been performed [3] to investigate the exact 
circumstances for optimization and understanding of the crystallization processes Most 
of these investigations faced the problem of exact temperature control Two verv accurate 
temperature cells were developed in order to obtain more fundamental insight in these 
processes A radial temperature gradient cell was constructed for morphological obser­
vations and a linear temperature gradient cell was constructed for measurements on the 
distribution coefficients Measurements on a small scale are easv to perform compared to 
the large industrial crystalhzers The results from these test cells can improve the indus­
trial process In this chapter the construction of both cells and some first measurements 
will be presented 
8.2 Radial temperature gradient cell 
8.2.1 Purpose 
As already mentioned above, the radial cell was constructed for in situ morphological 
observations To be more precise the cell was constructed for 
• Amsotropy measurements 
• Determination of facet —> cell —> dendrite transitions 
• Determination of the exact criteria for tip splitting 
• Dc-teimination of the suif.u ν eiiergx of en si al faces 
"In layer crystallization two important processes with moving melts can be distinguished The BASf-
process in which melt is pumped into tubes where crystallization takes place on its walls and the SLLZER 
process in which a melt flows in the form of a falling film sohdifwng on the wall r3 125 126 
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Crystal anisotropy is a very important parameter in dendrite theories Lsually den-
drites develop in the direction for which the crystal anisotropy is the strongest With the 
radial cell it should be possible to measure the anisotropy as it is possible to keep a con-
stant temperature gradient over a crystal for several days We expect crystal anisotropy 
to show up on these crystals as a small distortion from the perfect sphere at the crystal 
directions where the amsotropv is the strongest 
Detailed information about facet —• cell —> dendrite transitions and tip splitting can also 
be obtained with the radial cell Now the exact temperature at the interface, hence the 
exact supersaturation is known With other experimental techniques the temperature at 
the growing interface is raised due to the heat of crystallization and the precise supersat-
uration is unknown 
Finally, determination of the surface energy should be possible when a crystal is growing 
with facets The radial temperature gradient will cause the break up of the facets at a 
precisely known supersaturation Information about the surface energy can be derived 
from these measurements 
8.2.2 Auxiliary equipment 
As it is impossible to give a detailed description of all parts of the designed cells only a 
general description will be given of most parts 
The auxiliary equipment necessary for operating the cell is shown in figure 8 1 The tem-
perature and gradient of the radial cell[C] are governed by different control svstems For 
growth observations the cell was placed under a microscope[A] and these observations 
could be recorded on videotape with camera[D] video[E] and monitor[F] The tempera-
tures are controlled with an Eurotherm controller^!] and 2 heat exchangers connected 
to thermostats [G H] and the temperatures are measured with a crystal thermometer[J] f 
and a voltmeter[L] All data are stored in the computer[K] 
^The crystal thermometer measures the temperature dependent oscillation frequency of a piezo-electnc 
crystal slice 
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Figure 8.1 Оьег іеи auxiliary equipment radial cell 
A Microscope 
В Objective 
С Radial ce 
D Camera 
E Video 
F Monitor 
G Thermostat (upper) 
H Thermostat (lower) 
1 Temperature reference (iccwater) 
J Crystal thermometer 
К Computer 
L Voltmeter 
M Eurolherm controller 
N Peltier element 
О Pressure control (overflow) 
Ρ Duslfilters 
The cell consists of three main parts the upper and lower heat exchanger and the 
melt compartment The requirements for construction of the cell were 
• Temperature stability better than 0 02°C in the melt compartiment for temperatures 
from -40°C to 40°C 
• Temperature stability better than 0 05°C in the melt compartiment for temperatures 
from 40°C to 80°C 
• Good obsmat ion of ihr growing, cr\stal should bo possible 
• ('i\stal mass remains m the tell no remo\al of ihe grown crystals for inipunU 
measurements necessary 
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8.2.3 Construction 
The radial cell was constructed in such a way that the temperature of the melt to be 
investigated was as stable as possible. In figures 8.2 and 8.3 the construction of the radial 
cell is given. 
Figure 8.2 Side view radia! cell. 
1 Upper heat exchanger 
2 Thermocouple space 
3a Inlcl upper heal exchanger 
3b Outlet upper heat exchanger 
4 Thermocouple 
5 Expansion vessel 
6 Melt 
7 Copper block 
8 Heat element inner ring 
9 Heal element outer ring 
10a Inlcl lower heat exchanger 
10b Outlet lower heat exchanger 
I I Peltier element 
12 Lower heat exchanger 
13 Insulation mantle 
14 Air valve lower heal exchanger 
15 Inlet N2 gas Peltier element 
16 Inlcl N2 gas thermocouple space 
17 N2 gas flow over lop glass plate 
The upper heat exchanger 
This part of the construction had to fulfil two conditions. The first one concerns the radial 
temperature stabilization. The second one. being the most important restriction, is that 
the underlying melt should remain visible. This restriction made it impossible to provide 
a radial flow using grooves or tilted plates. A simple solution was found. In figure 8.1 one 
additional glass plate can be seen. The thermostat od water flows from the centre around 
this glass plate and back to the centre where il is transported back to the thermostat. 
This simple solution was only possible because the radial temperature control of the upper 
heat exchanger is less important than the visibility of the growing crystal. 
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Figure 8.3 Top mew radial cell. 
А В С с: » ι: ι-. Thermocouples 
18 Power supply heal element, inner ring 
19 Power supply heat element, outer ring 
20 Power supply Peltier element 
21 Thermometer 
22 Thermometer 
23 ,;» ι: ili Connection thermocouple 
The lower heat exchanger 
The most important condition for the upper heat exchanger was the visibility of the melt 
to be investigated. This condition is of course of no importance for the construction of 
the lower heat exchanger as this heat exchanger is beneath the melt. Now the control of 
the melt temperature is the crucial condition because the lower heat exchanger is in direct 
contact with the melt. The main part of the heat flow will be through the bottom plate 
and the lower heat exchanger will mainly determine the temperature gradient and has to 
correct fluctuations in the gradient due to e.g. the heat of crystallization. So a constant 
radial fluid flow per unit area (contact surface) is necessary. This is achieved with radial 
grooves and a decreasing volume from the centre within the heat exchanger. In this way 
a constant areal fluid flow is achieved within the heal exchanger 
In figure 8.2 two heat elements (8.9) are drawn. Between these rings a constant temper­
ature gradient will develop. Temperature influences due to small changes in the environ­
mental temperature or fluctuations of the thermostates will also be corrected with these 
rings. 
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The melt compartment 
This part of the cell is the best temperature controlled part due to the large brass block 
on which this compartment is situated. 
Figure 8.4 Upper and lower heat exchanger 
Upper heat exchanger top view 
. 3 
Upper heat exchanger side view 
5 2 1 
I 
4 6 3 
Water flow 
inlet (l)--> spray-nozzle (3) —> center bottom plate 
(radial flow toward edges) (4) --> around central plate (d) 
--> plate on top (radial flow toward center) (5) --> outlet (2) 
Lower heal exchanger top view 
plate on top bottom plate 
2 
Lower heal exchanger bide view 
-6 
Waler flow ·* 
miel (l)--> spray-nozzle (3) —> plate on top (radial grooves) (5) 
—> around central plaie (6) --> bottom plate (4) —> outlet (2) 
The brass plate was coated with a thin gold layer by means of an electrolytic pro-
cess. This thin gold layer increases the reflection of light considerably, making better 
observations possible. The plate on top of the melt compartment contains three rows of 
fi\e thermocouples glued in at exactly 1 cm distance from one another. In the centre 
a Peltier element gives the possibility to lower the temperature approximated 1°C' to 
induce nucleation of the melt. All the different parts of the cell as the different rubber 
rings, glues used for the thermocouples etc. were tested with the used solvents (methanol. 
cyclohexane and benzene).* 
* A new thermocouple plate is being constructed which can be used with e-caprolactam. cyclohexanone. 
naphthalene and biphenyl as well. New attachment possibilities for the thermocouples -without glue- are 
investigated. This would make measurements with the cell with almost every substance possible 
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8.3 The linear temperature gradient cell. 
8.3.1 Introduction 
The linear cell was constructed for determination of the relation of the face dependent 
growth mechanism and the distribution coefficient Predictions on the purity of crvstals 
grown under different conditions can be made when these results are combined with the 
measurements done with the radial cell 
F i g u r e 8.5 Оьет іе , auxiliary equipment linear cell 
Microscope 
Obiettive 
Linear cell 
Camera 
Video 
Monitor 
G1\G2 Thermostat (upper\lower) 
Hl H2 Thermostat gradient (warrmcold end) 
1 
J 
к 
L 
M 
N 
0 
Temperature reference 
Crystal thermometer 
Computer 
Voltmeter 
Furotherm controller 
Peltier element 
DuslhltLrs 
icewaler) 
8.3.2 Auxiliary equipment 
The radial and linear cell systems are very similar Hence equipment and some new de­
velopments used for the radial cell were also applied for the linear cell The Eurotherm 
controller, thermostates and crystal thermometers used for the radial cell are also em-
plo\ed for this design In figure 8 5 the total design is drawn Again it must be possible 
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to use a microscope in the observation of the growing interface. One of the differences is 
that four thermostates are necessary in this design, as will be explained in the next sec­
tion Another difference is a special holder in which the cell is placed in order to achieve 
a stable ' room temperature". 
Figure 8.6 Side men linear cell 
A Stabilization cells E Lower heat exchanger 
В Crystal growth cell el-2 In-outlel lower heat exchanger 
С Heat exchanger temperature gradient F Thermocouple 
cl-2 ln-outlct heat exchanger G Rubber ring 
(cold sctpomt gradient) H Holder 
c3-4 ln-outlet heat exchanger I Glass plate 
(hot setpoint gradient) JI Clamping fingers 
D Upper heat exchanger J2 Control clamping fingers 
dl-2 ln-outlet upper heat exchanger 
8.3.3 C o n s t r u c t i o n 
The detailed construction of the linear cell is given in figures 8.6 and 8.7. There are four 
main parts in this construction, the cell holder, the "stabilization cells", the growth cell. 
and the crystal holder 
The conditions given at the start of the construction were· 
• Temperature stability better than 0 05°C in the melt compartment for temperatures 
from 0°C to 80°C 
• Il musi be possible to remove the crystal after the growth is compiei ed 
• It should be possible to mount the crystals in a crystal holder in such a way thai 
crystals can be grown with different orientations {hkl} 
• It should be possible to change the gradient during a measurement ("sweep option"). 
• Good observation of the growing crystal should be possible, but the removal of the 
crystal is more important 
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Figure 8.7 Top ьгеи linear cell 
M[
 Ν Μ2 Ml 
К Mounting chamber crystal 
L Starting point crystal 
Ml Connections stabilization cells 
M2 Connections crystal growlh cell 
N Removal glass / crvstal 
Cell holder 
From the measurents done with the radial cell it became clear that the room temperature 
did not have a large influence on the melt temperature for temperatures around 0°C Tests 
done with the radial cell at temperatures around 80°C showed a rather large influence 
on the temperature stability \s the linear cell was designed for compounds crystallizing 
at higher temperatures (cnstals grown at 10°C or at lower temperatures are almost 
impossible to remo\e duo to the higher ambient temprtature) a special constiuction was 
made to decrease the influence of the temperature fluctuations of the en\noumeni The 
holdei is also a necessan construction to make the cell transportable and to facilitate the 
remoial of the crystal mass afterwards 
Side cells and the growth cell 
One of the problems arising during the construction phase was the problem to achieve a 
stable linear temperature gradient another problem was the temperature measurement 
in the crystallization chamber as it should be possible to remove the crystal mass after the 
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crystallization. This made it impossible to use thermocouples. The use of two additional 
stabilization cells, copies of the growth cell, gave the solution to both problems. In the 
cell a linear temperature gradient is achieved by using a brass bottom plate to which two 
thermostates are connected at the outer parts. Between these plates a linear temperature 
gradient will develop Small distortions from linearity will only show up at the outer­
most parts of the stabilization cells. In the whole growth cell the generated temperature 
profile will be linear. The other problem, the removal of the crystal, was solved with 
this construction also. During test runs a special thermocouple plate will measure the 
temperature both in the stabilization and growth cells But when the real measurements 
are done the thermocouples will be present only in the stabilization cells. Removal of the 
crystal after growth is completed, is made possible with a special screw construction As 
the crystal sticks more to the glass plate than to the bottom plate, it is possible to pull 
the crystal attached to the glass plate from the bottom plate (If the bottom plate is held 
close to the equilibrium temperature, sliding of the crystal is possible This phenomenon 
is called surface melting [25] and could be present on the crystals of our test compound 
e-caprolactam 5°C below the equilibrium temperature The sliding of the crystal was 
already tested in a test cell under experimenal circumstances.) 
Crystal holder 
The last technical problem to be solved was that of the crystal holder. It should be 
possible to grow the crystal in a desired orientation. Between the three crystal holders 
and the three melt compartments a small channel is present When the crystal is in 
the desired orientation the melt can flow into the holder. Crystallization will proceed 
dependenmg on the temperature of the melt in the crystallization chamber 
8.4 First measurements with the radial temperature gradient 
cell 
8.4.1 Temperature stability 
The temperature stability of the radial temperature gradient cell was tested for different 
temperature gradients The result of one of these test runs is given m figure 8 8 
In this figure onh one of the thermocouple rows (figure 8 A. row A) is shown and 
cleaiK the temperature is stable fot a long peiiod of time Tesi runs lasting ьечеіаі da\s 
showed the same temperature stability so the radial cell has a stable and accurate tem­
perature gradient (the temperature fluctuations were smaller than 0.02°C. which is the 
required value). 
However, a problem showed up when measurements were performed with changing tem­
peratures and temperature gradients. As the readings of the thermocouples are deter­
mined one after the other, a time correction has to be made for each value For exper-
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Figure 8.8 Temperature stability of the radial temperature gradient cell 
' Al thermocouple .
 A 4 thermocouple 
" A2 thermocouple .
 A 5 thermocouple 
° A3 thermocouple 
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iments on temperature sensitive systems (e.g. cyclohexane) this can cause a problem as 
the value becomes less accurate. Therefore, a new thermocouple plate will be constructed. 
With this new plate it will be possible to measure all thermocouples at the same time, 
making a time correction superfluous. 
8.4.2 Grain boundaries 
8.4.2.1 Theory 
Following the paper of Schaefer. Glicksman and Avers [103]. it is possible to derive the 
surface energies from measurements of grain-boundary grooves in solid-liquid interfaces 
[•17. 58]. The energy of solid-liquid interfaces is a parameter often entering into the analy­
sis of ci'vstalhzalion processes, including nucleation. dendritic growth, and morphological 
stability. I'nfortunately this free energy is difficult to measure [106]. and il is not easy 
to find systems in which independently determined values agree within ±50%. With the 
experimental technique of Schaefer et al. one can measure the interfacial energy of pure 
solid-liquid systems with less than 10% inaccuracy. In principle the radial cell is extremely 
suitable to determine the surface energy of roughened crystals with Schaefers experimen­
tal method. 
The technique employs steady-state temperature fields which can easily be controlled to 
* " * ! W 4 1 1 * ЦНШ ИуіЦІ yHMM «ft«W*IH» 
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high precision and which are described by simple analytical functions. 
From morphological measurements under equilibrium conditions, one can determine the 
surface energy by comparing the interface features to a theory which is based on macro-
scopic thermodynamic equilibrium considerations. The interaction between a solid-liquid 
interface and a grain-boundary results in a groove, which is shown in figure 8.9. 
Figure 8.9 Grain boundary groove. 
At each point on the interface in the vicinity of the groove, the local curvature is 
; = ç- + ¡r, where rx and r2 are the principal radii of curvature. For the case of a planar 
grain-boundary intersecting a planar solid-liquid interface, r2 = oo, and the remaining 
curvature r b is related to the departure Δ Τ from the normal freezing point by the Gibbs-
Thomson equation: 
1 7 
Δ Τ = - · - ^ (8.1) 
r
x
 AS 
where A S is the entropy of fusion per unit volume. 
For a linear temperature gradient 6' along the y-axis. AT = Gy and equation (8.1) may 
be rewritten as: 
y = Ay"/(l+y^ (8.2) 
where A = -)/GAS and the primes denote differentiation with respect to x, the other 
cartesian coordinate. The x-axis defines the normal freezing point isotherm. 
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Integrating equation(8 2) gives the equilibrium shape of the interface surrounding the 
grain-boundary The groove depth h is found to be 
/ 47 λ 2 7 Г - Ъ \ (8 3) 
in which ν is the contact angle at the root of the grain boundary groove (figure 8 10) 
Figure 8.10 A Grain boundary groove at the solid liquid interface 
Thus if G and h can be measured, and if AS is known independently, then the solid-
hquid surface energy can be calculated from equation(8 3) 
The assumption of a linear temperature gradient applies strictly only if the thermal con­
ductivities of the solid and the liquid are identical 
8.4.2.2 Experimental results 
Grain boundary grooves could only be observed for pure cyclohexane 
(HPLC grade water < 0 01% Evaporation residue < 0 00057c) 
I he lot al c imature of the gioo\e was determined b\ fitting it with a cuele Because of 
! he si/o ol the cu culai ci\slal [1 « 1 5 cm) with respot 1 to the size of the groen es 
(/) « 10 μιιι) it is acceptable to neglect the eiiors liitioduced b\ this fitting piocecluie 111 
the determination of the surface eneigv The results are gnen 111 table 8 1 using 
AS = 9 571 J т о Г 1 K" 1 
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Table 8.1 Surface energy at the solid liquid interface of cyclohexane 
~G(K mm"1) 7(T<r3~J m-^TTjJimf 
0 030 
0 030 
0 030 
0 030 
0 030 
0 030 
84 ± 1 5 
8 1 ± 1 0 
84 ± 1 8 
77 ± 1 1 
79 ± 05 
83 ± 1 4 
48 
51 
54 
51 
52 
51 
Taking the average value the surface energy of the solid-liquid interface of cyclohexane 
is found to be 7 = (8 0 ± 0 4) 10~3J m " 2 It is possible to determine the surface energy 
of cyclohexane (and other compounds) even more accurate when a smaller temperature 
gradient and a higher optical magnification is used 
8.5 Conclusions 
Tests with the radial temperature gradient cell show that the temperature gradient is con­
stant and accurate (deviations smaller than 0 02°C) The temperature remains constant 
and accurate even when the experiments take several hours Furthermore, gram boundar> 
groove measurements were performed successfully to determine the surface energy of the 
solid-liquid interface 
Some small arrangements are necessarv to make the cell feasible for experiments with 
changing temperature gradients 
8.6 Future experiments 
After these successful tests and experiments, the radial cell will be improved to make mea 
surements of fast processes possible Furthermore these tests will be used for the final 
construction of the linear cell With these improvements it will be possible to perform a 
wide ι fingo of experiments Examples die given below 
Radial temperature gradient cell: 
Cvclohexanone-benzene system 
Facet-cellular-dendnte transitions 
Investigation on tip splitting criteria 
Grain boundary groove measurements on pure benzene 
e-Caprolactam-cyclohexanone system / naphthalene-biphenyl system 
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Determination of the surface energy of the different facets of e-caprolactam or naphtha­
lene in dependence of the impurity concentration 
Linear temperature gradient cell: 
б-Caprolactam-cyclohexanone system / naphthalene-biphenyl system 
Determination of the relation between the face dependent growth mechanism and the 
distribution coefficient 
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Symbols 
cf 
Q 
Cs 
Cu 
Cls 
Ltotal 
^тпа st 
с 
^ го 
с 
y
^sp gr 
Cthm 
CP 
d0 
d-hki 
D 
pad 
D, 
Dch 
Dth 
f(m x) 
к 
AF 
G 
AG 
AAG 
AG-
AG, 
h 
h 
AH 
ΔΑΗ 
AHimp 
hf 
hkl 
A 
A 
kd 
kd,f 
keíí 
Kxnt 
kr¡ 
m 
homo 
equilibrium concentration of adsorbed growth units mol 1" 
concentration of the liquid mol 1" 
concentration of the solid mol 1" 
initial concentration of the liquid mol 1" 
initial concentration of the solid mol 1" 
total lmpuntv concentration mol 1" 
impurity concentration due to a macrostep mechanism mol 1 
impurity concentration due to roughened growth mol Г 
impurity concentration due to a spiral growth mechanism mol 1" 
impurity concentration due to thermodynamic minimum mol 1" 
heat capacity J mol 
capillary length m 
d spacing m 
diffusion constant m 2 s~ 
surface diffusion coefficient m 2s ~ 
diffusion coefficient m 2 s" 
diffusion coefficient for mass transport m2s ~ 
diffusion coefficient for heat transport m2s 
reduction factor of the nucleation barrier 
atomic surface 
free enthalpy 
linear temperature gradient 
Gibbs free energy 
Gibbs free energy of the impuritv 
difference in Gibbs free energy 
Gibbs free energy of formation of a critical embrvo 
nucleation barrier for 2D nucleation 
step height 
groove depth 
enthalpy 
enthalpy difference 
enthalpy of fusion 
enthalpy of the impurity 
heat of fusion 
Miller indices 
Bolt7inan constant ) К 
distribution coefficient 
mass tiansfer coefficient in s" 
diffeiential distribution coefficient 
effective distribution coefficient 
integral distribution coefficient 
thermodynamic equilibrium distribution coefficient 
wetting parameter 
К 
m 
kJ т о Г 1 
К 
kJ mol" 1 
kJ mol" 1 
kJ mol" 1 
kJ mol ' 
kJiiiol"1 
m 
m 
kJ mol 
kJ mol" 
kJ mol 
kJ mol" 
kJ mol" 
Гі,Г2 
Tc 
Τ
ί 
R 
Rs 
AS 
AAS 
Δ 5 / υ 5 
A S ! m p 
Τ 
Τ 
1
 τη ΔΤ 
xu 
xìs 
V 
νstep 
ш 
radii of curvature 
critical radius 
rate of freezing 
gas constant 
average radius 
entropy 
entropy difference 
entropy of fusion 
entropy of the impuntv 
temperature 
melting temperature 
undercooling 
interface concentration 
interface concentration 
of the 
of the 
dimensionless growth rate 
step velocity 
growth rate of a crystal 
liquid 
solid 
face hkl 
m 
m 
К s"
1 
J mol" 1 
m 
J mol" 1 
J mol" 1 
J mol" 1 
J mol" 1 
К 
К 
К 
mol Г 1 
mol Г 1 
m s
- 1 
m s"
1 
К ' 
К"
1 
К"
1 
К"
1 
К"
1 
Greek symbols 
7 edge free energy J m - 1 
7 surface tension J m - 2 
7,7 step free energy of the edge between phases ι and j J r n - 1 
6C boundary layer thickness m 
6(m,x,Rs ¿Vo) factor characterising properties of dust particle 
9R dimensionless roughening temperature 
λ average surface diffusion length m 
Àstep distance between the arms of a spiral m 
Δ μ driving force J mol - 1 
μ' chemical potential of phase ι (J mol - 1 ) 
ν kinematic viscosity m 2 s - 1 
ρ curvature radius m 
ρ normalized curvature radius 
pi density of the liquid kg m - 3 
p
s
 density of the solid kg m - 3 
p
stcp step densitv m
- 1 
σ supersaturation 
σ' maiginal stabiliU constant 
о bond energ\ J 
о^ energ\ of foimation of a fluid fluid bond J 
o
sf energy of formation of a solid-fluid bond J 
Ö" energy of formation of a solid-solid bond J 
ν contact angle 
Ω molar volume m 3 mole" 
ξ retardation factor 
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Summary 
This thesis can be divided into three parts: 
i) The derivation of a crystal growth model in which the dependence of the purity 
of the mother phase on the growth mechanism is investigated. 
ii) The observation and explanation of the morphology of organic crystals. 
iii) The construction and testing of two new growth cells, the radial and linear 
temperature gradient cells. 
In the first part the dependence of the crystal purity on the growth mechanism is 
investigated. Three different experimental designs are used to measure the growth rate of 
different faces in dependence of the supersaturation and the purity of the melt. Further-
more, the crystal surface is observed very accurately during these experiments in order 
to find possible clues about the operative growth mechanism. At which supersaturation 
do the spirals, macrosteps, inclusions, distortion and breaking up of crystal faces oc-
cur9 In this way a complete set of measurements defining the borders of different growth 
mechanisms for different supersaturations and impurity concentrations of the melt are 
determined. Determination of the purity of the crystals -grown at different supersatura-
tions and impurity concentrations of the melt- makes it possible to derive the relationship 
between the purity of the crystal and the growth mechanism. For the used organic test 
mixtures a clear relation exists between the growth mechanism and the crystal purity. 
Four morphologically different regions have been observed: 
i) Step growth; a spiral growth or a two-dimensional nucleation mechanism is operative, 
ii) Macrosteps; growth proceeds with high steps due to the rising amount of impurity in 
front of the steps. 
¡ii) Inclusions and other distortions are incorporated in the crystal: the amount of impu-
rity in front of the crystal face is too large to diffuse away from the interface. Hence, the 
impurity is incorporated, leading to inclusions. 
iv) Dendrites or faceted cells; the crystal faces break up and between the dendrites or 
faceted cells impurity molecules gather. These regions also crystallize at higher super-
saturation and this could be the possible explanation for the development of pores in 
industrial layer crystallization. These pores are small channels in a crystal (layer) which 
develop during the washing of the crystal with a warm, pure melt in order to remove the 
impure top layer. Because of 1 lie higher impurity concentration in ilie area between the 
dendrites or the faceted cells, these regions will have a lower melting point. Therefore, 
they will melt and channels will develop in the crystal (layer). In principle, this model 
is valid for all mixtures but especially for organic mixtures, because they are easier to 
handle as they usually have a melting point close to room temperature. 
The same model is used to compare two crystal facets of €-caprolactam. the (110) and 
(111) face. A maximum in the growth rate ratio and the distribution coefficient ratio of 
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these facets is found. An explanation for these maxima can be found looking at the growth 
mechanism of these facets. The transitions from one growth mechanism to another, as 
they have been described previously, occur at a different supersaturation for different 
facets. Because of these different growth mechanisms, the purity of the (110) and (111) 
face will differ. The explanation why these facets grow with a different growth mecha-
nism is the molecular structure of these facets. The (111) facet will have a more open 
structure than the (110) facet and hence, will incorporate more impurity. Furthermore, 
these "open" faces will be less hampered by higher impurity concentrations in front of the 
crystal. This will cause a transition between the different crystal growth mechanisms at 
another supersaturation. 
A few concluding remarks about the model in relation to industrial crystallization 
should be made. First, suspension growth (Mixed Suspension Mixed Product Remc/al) 
operates at a small supersaturation (small growth rates) and growth will occur in the step 
growth region. Hence, pure crystals can be obtained in a single step operation. Usually, 
the small amount of included impurities incorporate at molecular sites making further 
purification difficult. This incorporation will be facet dependent. 
Secondly, crystal growth with a layer growth apparatus will be operative in the faceted 
cell or dendrite region. Xow. large amounts of impurity are gathered between the faceted 
cells. The largest quantity of impurity will be easily removed with diffusion washing. 
However, the side faces of the faceted cells will probably grow with a macrostep mech-
anism, thereby incorporating small pockets of impurity. These small inclusions are very 
difficult to remove. 
The second part of this thesis describes the morphological observations and the explana-
tion of the found morphology of e-caprolactam - cyclohexanone and naphthalene - biphenyl 
mixtures. 
The Periodic Bond Chain (PBC) analysis of 6-caprolactam is carried out and compared 
with the experimentally found morphologies of crystals grown from various growth media. 
The resulting morphology is found to be dependent on i) The nature of the growth unit: 
monomer or dimer and ii) The interaction of the solvent with the crystal faces: orienta-
tional specific interactions. 
Monomers are mainly present in polar solvents like water and alcohols due to the 
possibility of breaking up of the hydrogen bonds by the solvent. The resulting crystals 
usually have large {200} forms bounded by (111}. {110} and sometimes {'511} forms. 
The growth of the e-caprolactam crystals with dimers mainly occurs in apolar solvents 
like alkanes. These crystals are bounded by {200} and {111} forms as predicted by the 
PBC analysis. The combination of these observations results in the conclusion that the 
{110} form can act as an indicator for monomer or dimer growth. The size of the {110} 
form can be used to estimate the monomer-dimer equilibrium. 
Next, an overview of the observed phenomena on the (200) face of e-caprolactam grow-
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ing from the vapour phase will be given Various growth mechanisms were observed e g 
spiral growth, two-dimensional nucleation and Vapor-Liquid-Sohd (VLS) growth VLS 
growth occurs when the energy barrier for direct incorporation of growth units from 
the vapour phase- is too high Now the growth in two steps is favourable the growth 
units dissolve in a water la>er or water droplet and are subsequently incorporated Other 
growth phenomena like pinning points, (monomolecular) steps cracks etch pits and var­
ious growth spirals were also observed 
An up to now undescnbed kind of roughening, the particle induced roughening was 
observed on naphthalene crystals grown from the melt Usually, dust particles are pushed 
in front of the interface or incorporated into the crystal without large distortions of the 
crystallizing face However, a change of growth mechanism due to dust particles was 
observed in a naphthalene melt On the place where a dust particle contacted the faceted 
(110) face the face roughened and the growth rate increased by a factor of 2 6 After 
incorporation of the dust particle the distorted (110) face faceted again and the growth 
rate decreased to its usual value This roughening only occurs when ι) The facet is close 
to its roughening temperature and n) The dust particle has the proper size and a rugged 
surface 
Dendrites, another form of roughened growth was found to originate on naphthalene 
crystals in three possible ways The (201) face was found as a main factor in all three of 
them ι) Distortions on the (20І) face develop to a dendrite, и) The edge of two {110} 
forms develops into a dendrite (usually, the position of the (20І) face) and in) The (110) 
face breaks up and small roughened (201) faces are formed which develop into a dendrite 
Another strange phenomenon which only occurred at high biphenyl concentrations, is the 
reoccurence of the already disappeared (20Ï) face Probably, the incorporation of biphenyl 
in the (20І) direction lowers the growth rate of this face more than that of the (110) face 
Usually, roughened faces incorporate more impurity making the lowering of the growth 
rate of these faces probable 
The final part of this thesis differs from the other part because here the development 
of two experimental designs are more important than the measurements The operation 
of these recently developed designs is explained With both designs a very accurate tem­
perature gradient can be applied making measurements which are otherwise impossible 
possible The radial (ell has a stable temperature for hours which made il possible to 
measure the surface tension of cvclohexam accurately a parameter that was not measured 
accurately before This was done b\ measuring the curvature of a crystal near a grain 
boundary 
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Samenvatting 
Dit proefschrift kan worden opgedeeld in drie delen 
i) Het opstellen van een knstalgroeimodel waarin de afhankelijkheid van de zui-
verheid van het kristal op de moederfase wordt onderzocht 
II) Het observeren en de verklaring van de morfologie van organische kristallen 
III) Het ontwerpen en testen van twee ontworpen groeicellen, de radiale tempe-
ratuur gradient cel en de lineaire temperatuur gradient cel 
In het eerste deel wordt de afhankelijkheid van de zuiverheid van het kristal op het 
groeimechanisme onderzocht Met drie meetopstellingen wordt de groeisnelheid van ver-
schillende vlakken gemeten voor verschillende onderkoeling en de zuiverheid van de smelt 
Tevens wordt tijdens deze metingen het kristaloppervlak nauwkeurig geobserveerd om mo-
gelijke aanwijzingen over het groeimechamsme te ontdekken Zo wordt gemeten bij welke 
onderkoeling groeispiralen, macrosteps, msluitsels, het verstoren van knstalvlakken en het 
opbreken van vlakken plaatsvindt Zo ontstaat een complete set van metingen die de gren-
zen van de verschillende groeimechanismen aangeeft voor verschillende onderkoehngen en 
vervuilingen van de smelt Door nu van kristallen -die bij een bepaalde groeisnelheid en 
vervuilmgs concentratie zijn gegroeid de zuiverheid te bepalen, kan een relatie tussen de 
uiteindelijke vervuiling van het kristal en het groeimechamsme worden gelegd Het blijkt 
dat voor de gebruikte organische testmengsels er een duidelijk verband bestaat tussen het 
groeimechanisme en de zuiverheid van het kristal Vier morfologisch duidelijk verschil-
lende gebieden werden geobserveerd 
i) Laag groei ofwel met een spiraalgroeimechamsme ofwel met twee-dimensionale 
kiemvorming 
II) Macrotreden deze ontstaan doordat het kristaloppervlak voor de treden langzaam 
vervuild raakt en de treden door deze vervuilingen geblokkeerd worden 
III) De knstalvlakken bouwen insluitsels en andere verstoringen in, de hoeveelheid vervui-
ling voor het groeiende kristal is nu zo groot dat niet alles meer kan worden afgevoerd en 
grote hoeveelheden verontreinigingen worden ingebouwd in de vorm van insluitsels 
iv) De dendneten of gefacetteerde cellen de vlakken breken op en tussen de dendneten 
of gefacetteerde cellen wordt de vervuiling opgehoopt Deze gebieden groeien bij grotere 
onderkoehngen ook dicht en kunnen do mogelijke verklaring zijn \oor het ontstaan \an 
ponen in de laagkristalhsatie Deze ponen zijn een soort kanaaltjes m een kristal(laag) die 
ontstaan als het kristal wordt gewassen met een warme schone smelt om de \ieze buiten-
laag te verwijderen Omdat de gebieden tussen de dendneten of gefacetteerde cellen meer 
verontreiniging hebben en dus een lager smeltpunt zullen ze smelten en zo kanaaltjes m 
het kristal vormen 
Dit model is in principe voor ieder stofmengsel toepasbaar, maar voor organische kristallen 
in het bijzonder omdat deze een smelttemperatuur rond kamertemperatuur hebben wat 
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de experimenten veel handelbaarder maakt. 
Het model wordt ook gebruikt om twee kristalvlakken van e-caprolactam. het (110) en 
het ( l l ï ) vlak, met elkaar te vergelijken. Er blijkt een maximum in de verhouding van 
de groeisnelheden van deze vlakken te bestaan. Ook is er een maximum in de verhouding 
van de onzuiverheid van deze vlakken Deze maxima kunnen worden verklaard door naar 
het groeimechamsme van de verschillende vlakken te kijken. De overgangen tussen de 
verschillende groeimechanismen, zoals al eerder beschreven, blijken voor de onderzochte 
vlakken bij een verschillende onderkoeling plaats te vinden. Zo zijn door de verschillende 
groeimechamsmen de zuiverheden van de vlakken natuurlijk ook verschillend. De reden 
dat deze vlakken met verschillende groeimechanismen groeien zit in de moleculaire op-
bouw van de vlakken Sommige vlakken hebben een meer geopende structuur dan andere. 
Deze 'Open" vlakken zullen gemakkelijker verontreinigingen inbouwen en hierdoor min-
der worden geremd door deze verontreiniging. Hierdoor zullen de overgangen van het ene 
naar het andere groeimechamsme bij een andere onderkoeling plaatsvinden. 
Voor toepassing van dit model in de industriële kristallisatie kunnen enkele conclusies 
worden gegeven: 
Ten eerste; suspensie groei (MSMPR) vmdt plaats bij kleine oververzadigingen (en re-
latief lage groeisnelheden) en dus in het laag-bij-laag groeigebied. Hierdoor kunnen re-
latief schone kristallen worden verkregen in een zogenaamde ''één staps operatie''. De 
ingebouwde verontreinigingen kunnen meestal moeilijk worden verwijderd omdat ze in 
het kristal rooster zijn ingebouwd Deze inbouw zal vlakafhankelijk zijn. 
Ten tweede, groei met lagen (layer growth) vindt plaats bij hoge oververzadigingen (en 
relatief hoge groeisnelheden). dus in het dendritische of gefacetteerde cellen gebied Xu 
zal het grootste deel van de verontreinigingen zich tussen de dendneten of gefacetteerde 
cellen verzamelen. Het opzuiveren van deze kristallagen zal relatief gemakkelijk gaan 
met behulp van "diffusion washing'' het wassen met een warme, schone smelt De sterk 
verontreinigde delen zullen open gaan en poriën vormen waaruit de verontreiniging kan 
weg diffunderen. Echter, de zijvlakken van de gefacetteerde cellen zijn waarschijnlijk met 
een macrostep mechanisme gegroeid waardoor kleine hoeveelheden verontreiniging zijn 
ingebouwd. Deze zijn veel moeilijker te verwijderen 
Het tweede deel van dit proefschrift gaat over het observeren en verklaren \an de mor-
fologie van f-( aprolactam kristallen gegroeid uit f-raprolfirtam - cvclohexanon mengsels 
en naft aleen ki ist allen gegroeid uit naflaleen - bifeinl mengsels De PBC analvse \an 
e-caprolactain wordt behandeld en vergeleken met de morfologie van kristallen die uit 
verschillende oplossingen zijn gegroeid en met bolproeven uit de smelt en gasfase. Uit de 
resultaten blijkt dat de morfologie vooral van twee factoren afhankelijk is· i) De aard van 
de groeieenheid, d.w ζ is het een monomeer of een dimeer7 en ii) De interactie van het 
oplosmiddel met de kristalvlakken. d.w.ζ oriëntatie specifieke interacties 
In polaire oplosmiddelen, zoals water en alcoholen, komen vooral monomeren voor omdat 
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de waterstofbruggen tussen de e caprolactam moleculen kunnen worden verbroken door 
het oplosmiddel Deze kristallen hebben meestal grote (200) vlakken begrensd door ( l i l ) . 
(110) en soms (31Ï) vlakken 
De groei van de e-caprolactam kristallen met dimeren komt vooral voor in apolaire oplos-
middelen zoals bijvoorbeeld alkanen Het kristal wordt dan begrensd door (200) en ( l i l ) 
vlakken De PBC monomeer en dimeer analyse geeft dezelfde resultaten als de experi-
menten Dit betekent dat het (110) vlak als een indicator kan dienen of het kristal met 
monomeren of dimeren is gegroeid De grootte van het (110) vlak geeft dan inzicht in het 
monomeer-dimeer evenwicht 
Verder wordt een overzicht gegeven van alle verschijnselen die op het (200) vlak van 
e-caprolactam kristallen zijn waargenomen Het grootste deel gaat over de groei vanuit 
de gasfase De groei blijkt met een rijk scala van mechanismen plaats te kunnen vinden 
Zo blijkt, naast de normale spiraalgroei en twee-dimensionale kiemvorming, ook het VLS 
(Vapor-Liquid-Sohd) mechanisme voor te komen VLS groei vindt plaats omdat de di-
recte inbouw vanuit de gasfase een hogere energiebarrière heeft dan de VLS groei in twee 
stappen De groeieenheden lossen nu eerst in een waterlaag of druppel op en worden dan 
pas ingebouwd Ook worden pinning points, treden cracks etsputten, monomoleculaire 
steps en diverse spiralen behandeld 
Een nog niet eerder besproken soort verruwing de door stof geïnduceerde verruwing 
is gevonden op naftaleenknstallen die uit een pure smelt groeiden Normaal gesproken 
worden stofdeeltjes voor het grensvlak uitgeschoven of in het kristal ingebouwd zonder 
noemenswaardige verstoringen In een naftaleen smelt zorgden stofdeeltjes echter voor een 
verandering van het groeimechamsme Een gefacetteerd (110) vlak verruwde op de plaats 
waar een stofdeeltje contact maakte met dit vlak De groeisnelheid van het kristalvlak 
dat verruwde nam met een factor twee tot zes toe Op het moment dat het stofdeeltje 
werd ingebouwd facetteerde het vlak en nam de groeisnelheid weer een normale waarde 
aan 
Deze verruwing kan alleen plaatsvinden als aan een aantal randvoorwaarden wordt 
voldaan Zo moet het kristalvlak dat door het stofdeeltje wordt beïnvloed, dicht bij 
de verruwmgstemperatuur zitten Ook moet het stofdeeltje de goede grootte en een on-
regelmatig oppervlak hebben voordat de verruwing kan worden geïnduceerd 
Dendneten een andere vorm van verruwde groei blijken op naftaleen kristallen op drie 
manieren te kunnen ontstaan Bij alle drie blijkt hel (20Ï) vlak een belangrijke rol te spe-
len i) \erstoringeri op het (20І) \lak ontwikkelen zich tot een dendnct u) De hoekpunt 
\an een (110) en (110) \lak ontwikkelt zich tot een dendnet (normaliter zit het (20Í) \lak 
op deze plaats) in) Het {110} vlak breekt op en kleine verruwde (20Ï) \lakjes verschij-
nen Deze groeien uit tot dendneten 
Een ander vreemd verschijnsel dat optreedt is het opnieuw verschijnen van een al verdwe-
nen (20Ï) vlak Dit verschijnsel is alleen waargenomen bij hoge bifenyl concentraties Zeer 
waarschijnlijk vertraagt het inbouwen van het bifenyl het (201) vlak meer dan het (110) 
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vlak Aangezien ei in verruwde vlakken meestal meer vervuiling wordt ingebouwd, is het 
aannemelijk dat het meest vervuilde vlak, het (201) vlak, het meest wordt vertraagd 
Het laatste deel van dit proefschrift valt een beetje buiten de rest van het onderzoek 
omdat hier de ontwikkeling van een experimentele opstelling en met de metingen centraal 
staan De constructie en de werking van twee recent ontworpen meetcellen namelijk de 
radiale en de lineaire temperatuurgradient cel, wordt hier uitgelegd Beide hebben een 
zeer nauwkeurig te meten en afgeregelde temperatuurgradient iets dat metingen die an-
ders met mogelijk zouden zijn mogelijk maken De radiale cel blijkt een zeer stabiele 
temperatuurverdehng te hebben, waardoor het mogelijk bleek de oppervlaktespanning 
van cyclohexaan te bepalen een parameter die tot dusverre met nauwkeurig te bepalen 
was De methode van Schaefer, Ghcksman en Ayers, waarin gebruikt wordt gemaakt 
van de kromming van het kristal bij een korrelgrens, blijkt uitstekend toepasbaar in deze 
meetcel en de oppervlaktespanning kan zeer nauwkeurig worden bepaald 
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Wat is nu eigenlijk een kristal? 
Deze vraag zult u zich misschien al wel eens gesteld hebben bij het zien van kristallen 
Opzoeken in een woordenboek maakt het er niet gemakkelijker op, daar er meerdere 
betekenissen voor het woord kristal zijn. Volgens het woordenboek is een kristal. 
1) Vast, regelmatig natuurlijk lichaam begrensd door platte vlakken. 
2) Gekristalliseerd kwarts, bergkristal of 
3) Kristalglas, met lood gemengd glas. 
Natuurlijk is de betekenis van het woord kristal zoals het wordt gebruikt in dit proef-
schrift de moeilijkste, namelijk de eerste. Helaas, de kristalzegeltjes die u misschien heeft 
gespaard voor kristalglas hebben niets met de kristallen in dit proefschrift te maken. 
Omdat ze gewoon voorkomen m de natuur, heeft iedereen wel eens kristallen gezien. Denk 
maar eens aan sneeuw, hagel of ijs Dit zijn verschillende vormen van waterkristallen. Er 
zijn nog veel meer kristallen, zelfs kristallen die we dagelijks gebruiken De bekendste twee 
hiervan zijn zout en suiker Als u zo een kristal onder een vergrootglas zou bekijken zou u 
allerlei gladde vlakjes waarnemen. Ook kent iedereen diamant of andere edelstenen Dit 
zijn allemaal kristallen, al heb ik deze financieel lucratieve kristallen helaas niet hoeven 
te bestuderen O K.. hoe een kristal er uit ziet weten we nu wel, maar waarom ziet een 
kristal er zo uit7 Waarom heeft een kristal van die mooie gladde vlakken? 
De eenheidscel 
Een kristal is eigenlijk opgebouwd uit een hoeveelheid regelmatig gestapelde atomen of 
moleculen. Deze atomen of moleculen zijn met elkaar verbonden. Ook de bindingen tussen 
de atomen vertonen dezelfde regelmaat Overal waar je in het kristal kijkt zal een atoom 
op dezelfde manier ingebouwd zijn Er is dus een netwerk van bindingen in een kristal. 
Aangezien al de voorkomende bindingen overal in het kristal hetzelfde zijn is het mogelijk 
het kleinste deel te zoeken Dit kleinste netwerkje is de eenheidscel, de bouwsteen van 
het kristal. Door deze bouwstenen of eenheidscellen nu netjes te stapelen krijg je het 
kristal De vraag '"Waarom heeft een kristal van die mooie gladde vlakken7" is nu ook 
bijna beantwoord want het netjes stapelen van kleine regelmatige blokjes zal natuurlijk 
een mooi glad oppervlak opleveren (denk maar aan de blokkendoos van vroeger') Dat er 
desondanks toch zoveel verschillende kristallen zijn. komt door de vorm van de eenheids-
cel Deze is \ooi elke stof verschillend Aangezien we nu weten hoe een kristal opgebouwd 
is. lijkt een volgende vraag logisch ''Maar hoc ontstaat nu zo een kristal?" of "Waarom 
gaan die bouvsstenen nu aan elkaar zitten om een kristal te vormen'"' 
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Waarom groeit een kristal? 
Er zijn in de natuur twee krachten die alle processen besturen De eerste kennen we 
allemaal, het streven naar een zo laag mogelijke energie Iedereen kent dit verschijnsel 
Wie heeft er niet eens wat uit de hand laten vallen7 Als het gebroken kopje op de grond 
ligt, heeft het minder energie dan toen u het een meter boven de grond in uw hand had 
Een ander voorbeeld is het de berg-op duwen van een auto Dit kost veel energie Het er 
vanaf duwen niet Dus een auto op een berg heeft meer energie dan een auto in het dal 
De tweede kracht is het streven van ieder systeem naar een zo groot mogelijke entropie 
Elk systeem zal streven naar een zo groot mogelijke wanorde Nu bedoel ik eigenlijk niet 
de wanorde die misschien op uw bureau heerst hoewel dit best een aardig voorbeeld is, 
zeker de bureaus van Hugo en Jan Een beter voorbeeld is het uiteenvallen van alles om 
ons heen, zoals het hierboven vermelde kopje Langzaam maar zeker wordt alles weer 
stof 
Hoe kunnen we deze twee krachten nu vertalen naar de wereld van de kristalgroei9 
Eigenlijk is dat vrij simpel Een kristal dat aan het groeien is, ligt in een zogeheten 
oververzadigde oplossing Deze oververzadigde oplossing is te vergelijken met een heet 
kopje thee waarin u zoveel mogelijk suiker heeft opgelost Als de thee kouder wordt zullen 
op de bodem van het glas suikerkristallen ontstaan Des te kouder de thee wordt, des 
te groter zullen de kristallen worden De natuurkundige (of scheikundige) uitleg van het 
groeien van deze kristallen gebeurt met behulp van de hierboven uitgelegde twee krachten 
In de warme thee heerst een grote wanorde Alle suikerbouwsteentjes zijn opgelost in de 
hete thee Wordt de thee nu kouder dan neemt de energie af en wordt het moeilijk voor 
een bouwsteen om opgelost te blijven Ligt er nu een klein suikerkristal op de bodem van 
het glas, dan zal de bouwsteen hieraan gaan zitten omdat hij niet meer genoeg energie 
heeft om door de kouder wordende thee te bewegen De energie van een suikerkristal is 
dus lager dan die van de suiker die opgelost is Лап de tweede kracht wordt ook voldaan 
want het kristal bevat veel knstalfouten Dit zijn plaatsen in het kristal waar een verkeerd 
molecuul of mets is ingebouwd Door deze fouten is er genoeg wanorde om het kristal 
stabiel te houden 
Het experiment 
Van de stoffen die in dit proefschrift worden beschreven worden kristallen gemaakt op deze 
maniei De stof wordt gesmolten tot hl] bijna geheel vloeibaar is en er nog maar enkele 
kleine kristalletjes overgebleven zijn Dan koelen we dr vloeibaie stof zeei vooizichtig 
af en kijken we hoe de kleine kristalletjes groeien Doordat het vaatje met de vloeistof 
en groeiende kristallen onder de microscoop ligt, kunnen we met behulp van een op de 
microscoop gemonteerde camera alles volgen op een met de camera verbonden monitor 
Een groot deel van het werk bestaat dus eigenlijk uit televisie kijken' 4an de hand van 
deze beelden van de groeiende kristallen meten we de groeisnelheid bij verschillende tem­
peraturen en kijken we naar de vorm van de kristallen De informatie die hieruit kan 
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worden gehaald is van groot belang voor de industrie Daar willen ze graag weten hoe 
snel de kristallen groeien en wat de vorm ervan is Meestal moeten de gegroeide kristallen 
namelijk eerst gescheiden worden van de vloeistof waarin ze zijn gegroeid Dit gebeurt 
door de kristallen over een filter te gieten Dit filter heeft zeer kleine gaatjes uaar de 
kristallen niet doorheen kunnen maar de (meestal vervuilde) vloeistof wel De metingen 
zijn belangrijk, omdat ze aangeven hoe groot een kristal zal zijn nadat het een poos is 
gegroeid Het kristal mag natuurlijk niet te klein zijn, omdat dan de filters kunnen ver-
stoppen Dit betekent dat er niets geproduceerd kan worden en er dus ook niets verdiend 
kan worden 
Een ander deel van het proefschrift gaat over de zuiverheid van kristallen Hoeveel veront-
reiniging zit er in de gegroeide kristallen7 Dit is natuurlijk ook heel erg belangrijk Een 
van de in dit proefschrift beschreven stoffen t-caprolactam is de grondstof voor nylon 
Om een goede kwaliteit nylon te verkrijgen is er een zeer zuivere grondstof nodig Zeer 
zuiver betekent > 99,99% zuiver Dus moeten er kristallen worden gegroeid die de goede 
grootte vorm en zuiverheid hebben 
In dit boekje staan ook nog voorbeelden van andere processen die de zuiverheid of vorm 
van het kristal kunnen beïnvloeden zoals stofdeeltjes of vreemde verschijnselen op het 
oppervlak van het kristal Vooral in hoofdstuk 5, 6 en 7 wordt naar het oppervlak van 
kristallen gekeken Dit levert verschillende mooie foto's op van vreemde knstalvormen, 
zoals "dendneten' (een soort dennenboomachtig kristal hoofdstuk 7), verstoorde groei 
door stofdeeltjes (een slurfachtig kristal hoofdstuk 6) en allerlei vreemde vormen op het 
oppervlak als spiralen krassen waterdruppels en gaten (hoofdstuk 5) Dus blader het 
boekje maar eens door want ook al is de tekst soms ingewikkeld de foto s van (en de 
vreemde verschijnselen op) het kristal blijven mooi om te zien 
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